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In  Part  I,  the  book  discusses  the  processes  associated  with  the  action  of 
liquid  metals  on  solids  in  stressed  and  unstressed  states.  The  following  corrosion 
action  of  liquid  metals  is  described:  the  mechanisms  of  dissolution,  non-isothermal 
and  isothermal  mass  transfer,  intercrystalline  fracture,  formation  of  compounds  and 
solid  solutions,  effect  of  impurities  in  liquid  metals,  etc.  The  changes  occurring 
in  the  mechanical  properties  of  solid  metals  under  the  action  of  liquid  metals 
during  short  duration  tests  and  during  long-term  strength,  creep  and  fatigue  tests 
are  also  described.  Adsorptive,  corrosive  and  diffusive  effects  of  liquid  metals 
or.  solids  in  a  stressed  state  are  discussed. 

In  Part  II,  the  mechanism  of  the  reaction  of  liquid  metals  on  solids  in  a 
stressed  state,  is  discussed  in  continuity  with  Part  I. 
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DEFORMATION  AND  FRACTURE  IN  LIQUID  METALS 


The  effect  of  a  liquid  metal  medium  on  a  »ol(d  metal  in  an  unstressed 
state  has  been  discussed  in  *-’ie  first  section  Oi  inis  book.  Let  us  now 
examine  the  effect  of  the  medium  on  a  metal  in  a  stressed  state.  The 
influence  of  the  liquid  metal  in  this  case  is  characterized  by  a  number 
of  pecularities  and  is  more  diversified. 

In  the  deformation  and  fracture  process  of  the  metal,  the  medium 
exerts  a  corrosive  effect  on  it  in  the  same  manner  as  in  the  unstressed 
state,  however,  it  is  of  a  qualitatively  different  nature.  For  example, 
an  abrupt  decrease  in  strength  and  ductility  of  the  solid  metal  in 
liquid  metal  may  occur  even  for  a  relatively  weak  corrosion  process. 

In  some  cases  materials  characterized  by  low  corrosion  rates  undergo  a 
greater  reduction  in  strength  and  ductility  in  a  liquid  metal  medium 
than  those  which  are  less  corrosion- resistant. 

Although  the  corrosion  rate  of  stressed  metals  increases,  the 
effect  of  stress  should  not  be  considered  as  a  factor  promoting  the 
increase  of  the  corrosion  process.  In  some  instances  fracture  occurs 
with  a  slight  increase  in  the  overall  corrosion  rate  of  the  metal 
whereas  in  an  inactive  medium  under  those  same  loading  conditions 
its  strength  is  much  greater. 

Unusual  effects  which  are  caused  by  the  adsorptive  influence  of  the 
medium  can  Lc  observed  in  the  deformation  of  a  solid  metal  iri  the  liquid. 
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This  type  of  liquid  metal  effect  occurs  specifically  in  a  stressed  state 
and  is  not  observed  in  the  absence  of  stresses.  In  principle  the 
adsorptive  effect  differs  from  the  corrosive  effect.  It  occurs  in 
the  free  surface  energy  of  the  solid  metal  in  contact  with  the  liquid 
is  smaller  than  tha  in  the  inactive  medium.  Reduction  in  the  surface 
energy  cf  the  deformed  metal  eases  the  plastic  deformation  process, 
decreases  strength  and  ductility  of  the  solid  metal  and  promotes  some 
ether  effects.  Unlike  corrosion,  the  adsorption  action  of  a  liquid 
metal  medium  is  reversible.  It  disappears  after  deformed  solid  metal 
is  separated  from  the  liquid  metal. 

It  should  be  noted  that  the  adsorptive  effect  of  the  liquid  metal 
on  the  solid  metal  may  be  associated  with  the  adsorption  of  this  process 
in  the  usual  physico-chemical  sense.  In  this  case  by  adsorptive  effect 
of  a  medium  it  is  meant  any  change  occurring  in  the  mechanical  properites 
of  the  metal  as  a  result  of  a  change  in  its  free  surface  energy  under 
the  action  of  the  medium. 

The  third  type  of  liquid  metal  effect  on  a  solid  in  the  stressed 
state  is  the  diffusive  effect,  It  is  associated  with  the  penetration 
of  atoms  of  the  medium  into  the  solid  metal.  It  is  characteristic 
that  in  this  case;  in  the  same  manner  as  in  the  adsorptive  effect, 
the  surface  layer  of  the  metal  does  not  show  any  damage  to  the 
stricture.  Metai lographic  analysis  frequently  fails  to  show  diffusion 
through  the  selection  of  special  corrosion  agents.  Even  though  the 
solid  metal,  judging  by  the  change  in  its  mechanical  properties. 
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experienced  the  effect  of  the  liquid  metal  medium,  its  microstructure 
remained  the  same. 

One  of  the  characteristic  features  of  diffusion  action  in  contrast 
to  the  adsorption  is  its  irreversibility.  Testing  the  specimen  after 
removal  of  the  medium  indicates  that  its  mechanical  properties  changed 
when  compared  with  the  original  state. 

The  nature  of  the  diffusive  effect  enables  one  to  treat  it  as  a 
separate  type  of  action  of  the  medium.  Actually  in  this  case  the 
medium  affects  the  deformation  and  fracture  processes  ir.  ^he  interior 
of  the  metal  whereas  adsorption  and  corrosion  affect  its  surface. 

In  the  study  of  the  corrosion  processes  we  included  the  formation 
of  solid  solutions  by  solid  and  liquid  metal  ,  Ip  conformance  with 
this  classification  the  diffusive  effect  of  the  medium  is  another  type 
of  corrosion.  However,  when  describing  the  deformation  and  fracture  of 
metals  the  diffusion  action  should  be  correctly  considered  as  an 
independent  process.  With  this  type  of  metal  defect  the  dislocation 
of  the  entire  surface  layer  is  absent  in  contrast  to  other  types  of 
corrosive  effect.  Moreover,  in  many  cases  the  concentration  of 
dissolved  metal  due  to  diffusion  is  increased  very  slightly,  for 
example  by  one  thousandth  per  cent  . 

Thus,  the  effect  of  liquid  metal  on  a  solid  in  the  stressed  state 
may  be  adsorptive,  corrosive  or  diffusive.  Consequently,  one  may  also 


In  these  cases  the  diffusive  effect  appears  together  with  the  adsorpf ive 
effect  (see  Chapter  5). 
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indicate  the  adsorptive,  corrosive  and  diffusive  factors  of  influence 
of  the  medium.  In  the  general  case  the  influence  of  the  liquid  metal 
may  be  determined  by  the  combination  of  all  three  factors.  Under  certain 
conditions  only  one  of  them  can  be  the  controlling  factor.  Since  the 
basic  external  appearances  of  the  effect  upon  the  mechanical  properties 
of  solid  metal  are  similar,'  it  i  s  difficult  to  determine  the  degree 
of  the  influence  of  each  factor  separately. 

The  first  four  chapters  of  the  second  portion  of  this  book  are 
devoted  to  mechanisms  of  liquid  metal  effects  on  solids  which  are 
observed  under  different  mechanical  tests.  The  phenomenology  of  the 
discussed  effects  is  given  here.  The  factors  determining  the  influence 
of  the  medium  are  indicated  in  those  chapters  only  where  they  are 
positively  established. 

In  the  chapter  on  the  mechanism  of  the  liquid  metal  effect  the 
processes  responsible  for  the  adsorptive,  corrosive  and  diffusive 
influence  are  described  as  well  as  the  characteristic  features  of 
the  action  of  each  of  these  factors  on  the  mechanical  properties  of 
the  solid  metal.  The  mechanisms  of  liquid  metal  effect  on  solids, 
which  were  described  in  the  first  four  chapters  are  also  explained 
in  the  chapter  indicated  above. 
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Chapter  1  -  MECHANICAL  PROPERTIES  DURING  BRIEF  TESTS 


a.  General  mechanisms  for  changing  mechanical  properties 

Extensive  investigations  of  the  effect  of  liquid  metals  on  single 
crystals  of  different  metals  under  constant  strain  rate  were  carried  out 
by  Academician  P.  A.  Rebinder  and  V.  I.  Likhtman  andYfe.  D.  Shchukin 
(Doctorate  in  Physico-Mathematical  Sciences)  at  the  Institute  of  TLysical 
Chemistry  of  the  Academy  *>f  Sciences  or  the  USSR  and  at  the  Department 
of  Colloidal  Chemistry  of  the  Moscow  State  University.  Single  crystals 
were  grown  by  the  method  of  zone  crystallization.  Tensile  tests  were 
carried  out.  on  cylindrical  specimens  with  a  diameter  from  0.5  to  i,  mm. 

A  low  melting  metal  was  deposito'-’  on  the  surface  of  the  specimens  by 
chemical,  electrolytic  or  mechanical  means.  It  was  shown  that  the  action 
of  the  liquid  metal  does  not  depend  on  the  manner  of  its  deposition. 

The  thickness  of  the  coating  was  usually  several  microns.  The  influence 
of  liquid  metal  is  determined  by  the  adsorption  factor. 

The  corrosive  effect  of  the  liquid  metal  coating  was  excluded  since 
its  thickness  was  small  and  an  extremely  small  amount  of  tested  solid 
metal  dissolved  in  it.  Consequently,  the  cliange  in  the  specimen 
dimension  was  negligible.  In  order  to  verify  the  validity  of  this 
assertion  tensile  tests  of  zinc  single  crystals  were  carried  out  in  a 
bath  with  liquid  tin  saturated  with  zinc.  The  stress-strain  curves 
obtained  from  this  experiments  and  from  the  experiments  of  zinc 
specimen  coated  with  tin  were  the  same  [186], 
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Experimental  verification  of  the  absence  of  the  influence  of  volume 
diffusion  on  the  observed  effect  was  also  obtained.  For  example,  based 
on  the  measurement  of  electrical  resistance  of  a  zinc  single  crystal 
coated  with  mercury,  the  diffusion  coefficient  of  mercury  in  zinc  was 
determined.  It  was  found  that  at  room  temperature  it  is  about 
3  x  IQ'11  cm^/sec  [187],  Since  mercury  affects  the  mechanical  properties 
of  zinc  immediately  after  its  deposition  on  the  specimen,  i.e.  after 
several  seconds,  it  is  obvious  that  the  effect  was  not  caused  by  volume 
diffusion. 

Fig.  72  shows  the  stress-strain  curves  of  zinc  specimens  coated 
wi.h  tin  [189],  It  is  evident  that  the  surface  layer  exerts  an  Influence 
on  the  mechanical  properties  of  single  crystals  only  when  it  is  in  the 
liquid  state.  At  room  temperature  the  stress-strain  curves  of  the 
specimens  with  and  without  the  coating  practically  coincide.  The 
coated  specimen  is  strengthened  very  slightly  probably  due  to  the 
thin  coating  film  of  tin.  The  mechanical  properties  of  test  specimens 
were  significantly  changed  at  temperatures  insuring  the  melting  of  tin. 

In  this  case  two  types  of  stress-strain  curves  were  observed.  At  a 
temperature  of  250°  C  "true  stress  -  relative  elongation"  curves  of 
pure  specimens  and  coated  with  liquid  metal  coincide  up  to  the  instant 
of  failure  of  the  c  ated  specimen.  The  effect  of  the  liquid  metal  in 
this  case  was  expressed  in  the  decrease  of  strength  of  the  solid  metal 
and  particularly  in  the  decrease  of  ductility.  At  temperatures  350 
and  400°  C  another  type  of  curve  was  observed. 
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In  this  case  only  the  initial  portion  of  the  curves  (region  of  elastic 
deformation)  coincides.  The  action  of  the  liquid  metal  causes  not  only 
the  decrease  of  strength  and  relative  elongation  but  also  the  decrease 
of  yield  point  and  coefficient  of  hardening.  The  similarity  in  both 
types  of  stress-strain  curves  was  also  observed  when  testing  other 
single  crystal  specimens  with  liquid  metal  surface  coating. 

In  many  cases  the  mechanical  properties  of  the  solid  metals  were 
abruptly  changed  under  the  action  of  the  liquid  metal  medium.  This 
change  is  so  great  that  a  coated  metal  has  qualitatively  different 
mechanical  properties  than  the  pure  metal  [ 186] .  High-ductile 
materials  capable  of  elongating  under  tension  by  one  hundred  percent 
become  brittle  as  a  result  of  the  effect  of  the  liquid  metal  surface 
layer.  In  this  case  if  the  base  metal  fails  locally  with  necking  down, 
the  coated  metal  fails  without  local  deformation  with  a  break  in  the 
shear  plane  [194]. 

The  degree  of  liquid  metal  effect  on  the  mechanical  properties  of 
single  crystals  depends  on  the  orientation  of  the  latter  with  respect 
to  tensile  force,  fig.  73  shows  the  dependence  of  true  fracture  stresses 
for  zinc  single  crystals  on  the  angle  of  inclination  between  the 

basal  plane  and  the  specimen  axis  during  fracture  [ 188] .  This  Fig. 
also  shows  the  results  of  testing  specimens  coated  with  mercury  at 
room  temperature  and  uncoated  specimens  which  were  fracture  at  a 
temperature  of  -196°  C.  It  is  evident  that  the  orientation  dependence 
of  strength  in  zinc  single  crystal  in  both  cases  has  the  same  character. 
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Values  of  normal  and  shear  stresses  during  fracture  also  revealed  an 
orientation  dependence  of  deformable  single  crystals.  Such  a  dependence 
for  zir.c.  single  crystals,  tensile  tested  with  constant  rate  at  the 
temperature  of  liquid  nitrogen  (-196°  C)  without  a  coating  and  at  a 
temperature  of  20°  C  with  a  mercury  coating^is  shown  in  Fig.  74 
[189,  190],  Brittle  fracture  caused  by  lowering  the  temperature 
and  by  the  action  of  the  liquid  metal  is  characterized  by  qualitatively 
similar  mechanisms,  E.  D.  Shchukin  and  V.  I.  Likhtman  showed  that  with 
the  increase  in  the  angle  between  the  basal  plane,  on  which  fracture 
occurs,  and  the  specimen  axis,  the  values  of  normal  stress  increase  and 
the  values  of  shear  stress  decrease.  Such  a  change  in  stresses  indicates 
that  failure  of  single  crystals  occurs  as  a  result  of  plastic  deformation 
leading  to  the  formation  of  fracture  [189],  If  the  angle  between  the 
basal  plane  and  the  specimen  axis  is  sufficiently  great,  i.e.  at  relatively 
great  normal  stresses,  the  brittle  fracture  on  the  slip  plane  which  in  the 
given  cate  is  also  the  shear  plane,  occurs  in  the  earlier  stages  of  the 
fracture  development.  However,  if  the  indicated  angle  is  small  and  hence 
the  normal  stresses  are  low,  then  fracture  occurs  at  a  later  stage  of 
fracture  development  subsequent  to  great  plastic  deformation.  The  decrease 
in  the  ability  of  zinc  single  crystals  to  resist  plastic  deformation  with 
the  increase  of  the  angle  between  basal  plane  and  the  specimen  axis 
can  be  judged  by  the  values  of  limiting  crystallographic  shear 
which  are  given  in  Table  33. 
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Data  in  Table  33  indicate  that  under  the  conditions  of  brittle  fracture 
the  magnitude  of  the  limiting  crystallographic  shear  steadily 
decreases  with  the  increase  of  the  angle  between  basal  plane  and  specimen 
axis.  However,  different  results  were  observed  during  tensile  tests  of 
zinc  single  crystals  without  surface  coating  at  room  temperature,  i.e. 
when  the  metal  is  ductile.  In  this  case  the  crystallographic  magnitude 
does  not  decrease  with  the  increase  of  Xo  ,  on  the  contrary  it  increases 
[19 l] .  Consequently,  the  orientation  dependence  of  the  limiting  crys  - 
tallographic  shear  qualitatively  varies  as  a  result  of  deposition  of 
liquid  metal  layer  on  the  surface  of  a  single  crystal. 

The  mechanisms  of  the  influence  of  liquid  metals  on  mechanical 
properties  of  zinc  single  crystals  indicated  above  are  characteristic 
not  only  for  this  metal.  Experiments  showed  that  cadmium  single  crystals 
coated  with  liquid  tin  [192,  186],  and  gallium  [193],  as  well  as  tin 
single  crystals  coated  with  mercury  [194-196]  and  gallium  [197]  behave 
similarly  to  the  above.  It  was  found  that  the  mechanisms  of  the  influence 
of  different  surface  active  liquid  metals  (tin  [186,  192],  mercury 
[191,  195,  198]  and  gallium  [193,  199])  on  zinc  single  crystals  were 
identical . 

Not  only  single  crystals  but  also  polycrystals  are  subjected  to  the 
influence  of  liquid  metals  during  constant  strain  rate  It  has  been 
established  by  testing  polycrystalline  specimens  that  the  action  of  liquid 
metals  in  this  case  also  leads  to  the  decrease  of  strength  and  ductility 
of  the  material.  As  in  the  testing  of  single  crystals,  two  types  of 
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variation  of  stress-strain  curves  of  the  polycrystalline  metal  with 
surface  coating  from  the  initial  curve  of  that  same  metal  without 
coating  were  observed.  In  some  instances  the  curves  coincide  up 
to  the  fracture  of  the  coated  specimen,  which  occurs  at  a  smaller 
magnitude  of  tensile  strength  and  relative  elongation  than  that  of  the 
uncoated  specimen.  In  other  instances,  less  common,  the  entire  curve 
of  the  coated  specimen,  with  the  exception  of  the  elastic  strain  portion, 
is  located  below  the  curve  for  the  pure  specimen,  A  special  case  of 
the  curve  of  the  first  type  are  the  curves  having  only  an  elastic 
portion, i.e.  those  when  the  specimen  in  the  liquid  metal  is  fractured 
during  strain  lower  than  the  elastic  limit. 

Fig.  75  shows  the  stress-strain  curves  of  30KhGSA  steel  at  a 
temperature  of  500°  C  in  air  and  in  liquid  metals:  Bi,  eutectic  Pb-Bi 
and  alloy  Pb-Sn  [200],  It  is  evident  that  all  the  liquid  metal  agents 
caused  the  decreased  in  the  true  strength,  tensile  strength,  relative 
elongation  and  coefficient  of  steel  hardening.  The  degree  of  influence 
of  various  agents  is  different.  The  changes  in  the  stress-strain  curves 
of  30KhGSA  steel  refer  to  the  second  type  of  classification  accepted  above. 

The  fracture  of  alloy  EI437A  during  a  constant  rate  tensile  test  in 
the  following  liquid  metals:  Sn,  alloy  Pb  -  407.  Sn,  Pb,  Bi  and  the 
eutectic  ailoy  Pb-Bi  occurred  in  the  elastic  region,  i.e.  the  stress- 
strain  curves  in  this  case  also  agree  with  the  second  type.  It  should 
be  noted  that  an  extremely  high  liquid  metal  influence  on  the  mechanical 
properties  of  the  alloy  was  observed  in  these  experiments  [201]. 
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Thus,  for  example,  in  air  medium  at  a  temperature  of  700°  C  alloy  EI437A 
has  a  strength  of  75  kg/mm^  and  yield  point  of  48.5  kg/mm^;  contact  with 
eutectic  Pb-Bi  caused  its  fracture  under  a  stress  of  25  kg/mm^. 

Let  us  cite  some  more  examples  characterizing  the  interaction  of 
liquid  metals  on  solids  under  the  constant  rate  tensile  tests.  These 
examples  also  indicate  the  wide  range  of  materials  subjected  to  the 
influence  of  liquid  metals. 

Miller  disclosed  [202]  the  significant  reduction  in  strength  and 
ductility  of  70/30  and  60/40  brasses  as  a  result  of  contact  with  liquid 
mercury,  tin  and  tin-lead  solder  (50/50).  With  the  effect  of  mercury  at 
room  temperature  the  strength  of  brass  decreased  by  a  factor  of  three. 

In  liquid  tin  at  a  temperature  of  260  C  the  decrease  in  the  strength  of 
70/30  brass  was  18%  and  60/h0  brass  28%.  The  strength  of  these  materials 
in  a  tin- lead  alloy  at  220°  C  decreased  approximately  as  much  as  the  above. 
At  a  temperature  of  350°  C  the  decrease  in  strength  of  70/30  brass  in 
liquid  lead  reached  40%  and  in  tin  33%. 

The  plastic  properties  of  the  materials  decreased  even  to  a  greater 
extent.  Thus,  the  relative  elongation  of  70/30  .brass  in  liquid  tin  at  a 
temperature  of  260°  C  was  2.5%  whereas  in  air  at  that  same  temperature 
it  was  27.5%.  The  limiting  values  of  relative  elongation  obtained  in  the 
testing  of  this  material  in  mercury  and  in  air  were  3  and  38.8%  respectively. 
In  the  case  of  the  action  on  brass  solder  the  corresponding  values  of 
relative  elongations  are  the  following:  2  and  28%. 
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Austen  [203]  carried  out  tensile  tests  witjh  constant  rate  deformation 
for  different  steels  and  other  materials  in  contact  with  tin-lead 
(60/40)  solder.  He  established  a  significant  decrease  in  strength  and 
ductility  in  the  liquid  metal  of  pearlite  steels  as  well  as  stainless 
ferrites  and  austenites.  Fracture  in  certain  materials,  for  example, 
low-alloy  nickel  chromium  vanadium  steel  occurred  in  the  elastic  region 
at  a  temperature  of  290°  C.  Pure  metals:  Fe,  Ni  and  Cu  were  subjected 
to  a  significantly  lower  influence  of  the  medium.  Stress-strain  curve 
of  materials  in  the  liquid  metal  usually  coincide  with  their  stress-strain 
curve  in  air,  but  fractured  at  lower  values  of  stress-strain  and  relative 
elongation. 

S.  T.  Kishkin,  V.  V.  Nikolenko  and  S,  I.  Ratner  carried  out  tensile 
tests  for  30KhGSA,  18KhNVA  and  40KhNMA  steels  at  a  high  temperature  in 
the  medium  of  liquid  solders  [204].  The  influence  of  solders  was  inves¬ 
tigated  by  two  methods.  In  the  test  by  the  first  method  the  specimen 
coated  with  solder  was  placed  in  the  furnace  and  tensile  tested  at  a 
temperature  insuring  the  melting  of  solder.  In  the  test  by  the  second 
method  the  specimen  was  loaded  to  a  certain  strain,  after  which  its 
surface  was  coated  with  solder.  If  during  the  application  of  solder 
(about  3  minutes)  the  specimen  would  not  fracture  then  it  was  loaded  to 
a  strain  exceeding  the  initial  by  5  kg/mra^.  With  this  strain,  the 
specimen  surface  was  also  soldered,  etc.  These  operations  were  carried 
out  until  the  specimen  fractured.  Results  of  testing  by  two  methods 
were  found  to  be  the  same.  Under  the  action  of  tin-lead  solder 
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(617,  Sn,  397,  Pb)  the  fracture  of  steels  occurred  at  a  tensile  stress  of 
85*95  kg/mrn^,  which  corresponded  to  the  elastic  region  for  some  steels 
and  to  the  plastic  region  for  others.  However,  the  strength  and  ductility 
in  the  second  group  of  steels  was  also  lower  than  in  air.  The  change  in 
mechanical  properties  of  steels  was  also  caused  by  lead-silver  solder 
PSP-3  (97.57,  Pb;  2.57,  Ag),  but  its  influence  was  somewhat  lower  than  that 
of  tin-lead.  In  Ref.  [204]  it  was  shown  that  solders  in  the  solid  state 
practically  do  not  exert  an  influence  on  the  strength  and  plastic  properties 
of  steels. 

Tensile  tests  for  a  great  number  of  different  materials  were  carried 
out  in  the  medium  of  liquid  metals  by  Ya.  M.  Potak  and  I.  M.  Shcheglakov 
[205,  206].  They  and  other  investigators  established  that  the  strongest 
effect  of  liquid  metal  coating  was  exerted  on  the  plastic  properties  of 
metals  and  alloys:  relative  elongation  and  reduction  in  area  of  certain 
materials  decreased  more  than  tenfold  whereas  the  strength  in  this  case 
decreased  twofold.  However,  not  all  the  materials  display  the  influence 
of  surface  coatings.  For  example,  the  mechanical  properties  of  copper  in 
tin- lead  solder  did  not  change  at  a  temperature  of  270-280°  C.  It  was 
found  that  aluminum  alloys  of  the  AMTs  and  A19  type  were  not  susceptible 
to  the  action  of  this  coating  at  a  temperature  of  270-280°  C.  It  should 
be  noted  that  high  tempered  30KhGSA  steel  was  subjected  to  a  significant 
influence  of  the  tin-lead  coating  at  that  same  temperature.  Thus,  the 
action  of  liquid  metals  is  selective.  The  same  melted  metal  exerts 
an  influence  on  the  deformation  and  fracture  of  some  solid  metals  and 
not  on  others. 
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The  effect  of  liquid  metals  on  the  mechanical  properties  of  solids 
occurs  not  only  during  constant  rate  tensile  tests  but  also  with  other  types 
of  mechanical  coatings.  Many  investigators  observed  the  effects  of  a  medium 
in  a  bending  test  of  the  specimen.  It  was  established  that  fracture  occurred 
with  decreased  strength  and  ductility  of  low-alloy  pearlite  and  high-alloy 
austenite  steels  during  bending  tests  of  the  specimens  in  contact  with 
tin-lead  solder  (63%  Sn  and  37%  Pb)  and  with  babbitt  (tin-antimony-copper 
alloy)  [207],  The  influence  of  liquid  Zn,  Sn,  and  Sb  on  the  mechanical 
properties  of  steel  during  bending  was  also  described  [203],  The  influence 
of  mercury  coating  in  copper  specimens  during  that  sa>ie  type  of  testing 
was  noted  in  Ref.  [209]. 

In  references  cited  above  it  was  shown  that  the  fracture  of  specimens 
coated  with  liquid  metal  occurred  in  a  number  of  cases  with  an  insignificantly 
low  angle  of  bending,  i.e.  the  influence  of  the  medium,  in  the  same  manner  as 
during  tensile  testing,  causes  the  metal  to  abruptly  loses  its  ductility. 

It  was  established  that  liquid  metal  exert  an  influence  only  when  they  are 
deposited  on  the  stressed  side  of  the  specimen  [207,  210].  If  there  is  a 
coating  on  both  sides,  then  there  will  be  no  cracks  <~n  the  compressive  side. 
Consequently,  premature  fracture  in  the  liquid  metal  environment  is  caused 
only  by  tensile  stresses. 

G.  F.  Kosogov  and  V.  I.  Likhtman  [21l]  compared  the  influence  of  liquid 
tin  on  the  mechanical  properties  of  steel  of  type  St.  7  during  axial  tensile 
and  torsional  tests  at  a  temperature  of  350°  C.  The  data  obtained  by  them 
(Table  34)  indicates  that  the  action  of  liquid  metal  appeared  only  during  stress. 
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This  result  is  probably  associated  with  lower  values  of  normal  stresses 
during  torsion  [212]. 

Many  investigators  have  noted  the  intensification  in  the  influence 
of  liquid  metals  on  the  deformed  solid  metal  with  the  increase  in  strength 
of  the  latter.  For  example,  authors  of  references  [204-206]  have  observed 
a  significant  decrease  in  mechanical  properties  of  30KhGSA  steel  in 
contact  with  tin- lead  solder  and  tin  when  it  had  an  initial  strength 

O 

of  about  170  kg/mm  ,  and  no  change  (or  a  slight  change)  of  properties 
in  the  steel  with  a  strength  of  60  to  70  kg/mu*.  30khGSA  steel  having 
a  strength  of  about  120  kg/mm^  in  air  is  subjected  to  lesser  influence 
of  liquid  metal  than  that  same  steel  with  a  higher  strength.  Table  35 
shows  the  corresponding  data  obtained  in  references  [205,  206], 

The  dependence  between  ratio  of  strength  of  aluminum  alloys  in 
liquid  mercury  to  air  - - : —  cn  the  magnitude  of  initial 

strength  oB  (air)  given  in  Fig.  76  is  plotted  according  to  the 

data  in  Ref.  [213].  Despite  the  noticeable  scatter  in  the  graph,  it 

is  evident  that  with  the  increase  of  initial  strength  of  aluminum  alloys 

their  susceptibility  to  che  action  of  liquid  mercury  increases.  Thus, 

alloys  having  a  strength  of  45  to  70  kg/mm^  in  air,  retain  only  10-207. 

of  the  initial  ,ralue  of  strength  in  the  liquid  metal.  However,  alloys 

2 

having  a  strength  of  20-35  kg/mm  in  air  either  are  not  subjected  at  all 
to  the  influence  of  the  liquid  metal  or  undergo  a  slight  (about  IC7J 
decrease  in  strength. 
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It  should  be  indicated  that  the  dependence  of  uhe  influence  of  liquid 
metal  on  the  strength  level  of  the  solid  metal  is  not  always  apparent. 

For  example,  in  Ref.  [207]  it  has  been  shown  that  chromium-nickel  steels 
have  about  the  same  strength  in  air  but  differ  in  a  medium  of  melted 
solder.  This  observation  as  well  as  the  dependence  stated  in  Fig.  76 
enables  one  to  make  the  conclusion  that  the  increase  in  the  effect  of 
liquid  metal  on  the  deformed  solid  metal  with  the  increase  of  its 
strength  is  only  a  trend.  In  other  words  a  high  level  of  initial 
strength  is  only  one  of  the  many  factors  favoring  the  increased  action 
of  the  liquid  metal. 

Investigation  of  the  microstructure  of  fractured  specimens  in  liquid 
metal  has  shown  that  polycrystalline  metals  arc  usually  fractured  at  the 
grain  boundaries.  This  type  of  fracture  is  observed  even  in  those  cases, 
when  testing  in  air  the  cracks  propagate  across  the  grain  [204-206,  214], 
Intercrystalline  fracture  was  also  found  in  those  metals  which  are 
subjected  to  a  strong  influence  of  the  medium,  being  in  the  single 
crystalline  state. 

Investigation  of  the  generation  of  cracks  in  polycrystalline  pure 
metals  during  their  deformation  has  been  carried  out  by  S.  M.Zanozina  and 
E.  D.  Shchukin  [215].  A  special  attachment  was  made  to  the  metal  microscope 
which  enabled  one  to  deform  the  flat  specimens  smoothly  by  stressing  it. 

The  deformation  process  was  observed  through  the  microscope. 


12 


It  was  established  that  cracks  are  formed  in  the  specimens  with  a  liquid 
metal  coating  and  increase  with  increased  deformation  mainly  at  the 
grain  boundaries.  This  type  of  fracture  was  observed  in  zinc  and 
cadmium  with  a  gallium  coating.  Sometimes  the  cracks  are  propagated 
at  the  grain  but  they  are  significantly  *ess.  A  mixed  type  of 
fracture,  but  mostly  intercrystalline,  occurs  in  zinc  coated  with 
mercury. 

E.D.  Shchukin  and  Z.  M.  Zanozina  were  the  first  who  showed  that 
fracture  begins  at  the  boundaries  of  those  grains  in  which  the  slip 
lines  appear  first. 

Nichols  and  Rostoker  determined  the  mechanical  properties  of 
different  coarse-grained  materials  during  local  deposition  of  liquid 
metal  on  the  surface  of  specimens  [216]. 

The  results  of  their  investigation  given  in  Table  36  showed  that 
during  the  deposition  of  liquid  metal  only  at  the  grains  the  effect  is 
either  absent  or  is  significantly  lower  than  during  the  deposition 
of  the  metal  at  the  grain  boundaries.  For  example,  the  relative 
elongation  of  silicide  steel  decreased  from  20  to  77  in  the  deposition 
of  lithium  at  the  grain  and  to  1,67.  in  the  deposition  of  lithium  at 
the  grain  boundary.  70/30  brass  did  not  undergo  any  changes  in  strength 
and  ductility  in  the  deposition  of  mercury  at  the  grain  but  underwent  a 
decrease  in  strength  from  17.7  to  6.1  kg/mm  and  relative  elongation  from 
42  to  87  in  the  deposition  of  liquid  metal  at  the  grain  boundaries. 
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It  is  evident  from  Table  36  tha>-  although  the  influence  of  the 
liquid  metal  during  wetting  of  the  grain  boundaries  is  greater  than 
during  wetting  of  the  grain  body,  it  is  weaker  than  when  wetting 
large  areas  of  the  specimen  surface.  This  is  apparently  associated 
w< th  the  great  probability  of  the  most  stressed  and  the  most  unfavorably 
oriented  grain  boundaries  falling  into  the  wetted  area. 

The  results  of  experiments  carried  out  on  bicrystals  confirm  the 
extremely  significant  dependence  of  the  wetted  grain  boundary  by  liquid 
metal  [8],  Copper  bicrystalline  specimens  wetted  with  bismuth  were 
tested  at  a  strain  rate  of  0.016  min"^.  It  was  showed  that  maximum 
embrittlement  by  liquid  metal  occurred  when  grain  boundary  was  tranverse 
to  the  axis  of  loading.  When  decreasing  the  angle  between  them  from 
90°  to  0°  the  embrittlement  steadily  decreased  and  the  strength  and 
ductility  of  bicrystal  line  specimens  approach  the  strength  and  ductility 
of  single  crystalline  specimens  (Table  37), 

b.  Influence  of  temperature 

The  temperature  refers  to  a  number  of  factors  exerting  a  significant 
effect  on  the  magnitude  of  change  in  mechanical  properties  of  solid 
metals  under  the  action  of  liquid  metals.  Moreover,  at  a  certain 
temperature  this  action  does  not  appear  at  all  [194,  346]. 
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Experiments  carried  out  on  single  crystals  coated  with  a  thin  layer 
of,  liquid  metal  showed  that  their  strength  and  ductility  are  usually 
restored  with  the  increase  in  temperature  and  beginning  with  a  certain 
value  the  mechanical  properties  cf  coated  and  uncoated  specimens  are 
the  same.  Fig.  77  shows  the  dependence  of  true  strength  and  elongation 
during  fracture  on  the  temperature  for  pure  tin  single  crystals  and 
coated  with  mercury  [194,  217].  It  is  evident  that  the  effect  of 
mercury  occurred  beginning  with  the  melting  point.  In  the  range  -40 
to  20°  C  the  specimens  coated  with  mercury  are  fractured  at  low  values 
about  the  same  as  those  of  relative  elongation.  At  a  higher  temperature 
the  ductility  of  these  specimens  is  increased  and  beginning  with  20°  C 
it  becomes  the  same  as  in  the  uncosted  specimens.  If  one  judges  the 
influence  of  temperature  according  to  the  change  in  true  strength  then 
the -effect  of  liquid  metal  steadily  decreases  with  the  increase  in 
temperature  from  -  40  to  +20°  C.  It  should  be  emphasized  that  the 
disappearance  of  the  influence  of  the  liquid  metal  during  the  increase 
in  temperature  was  not  caused  by  its  e/aporation  since  the  effect  was 
reversible,  i.e.  it  was  restored  when  the  specimen  was  cooled. 

It  was  established  that  the  effect  of  liquid  mercury  on  the  zinc 
single  crystals  is  characterized  by  that  same  temperature  dependence  as 
the  effect  of  mercury  on  tin  described  above  [195,  218,  219].  The 
influence  of  liquid  metal  on  zinc  disappeared  at  a  temperature  higher 
than  150°  C.  The  characteristic  properties  of  th: s  material  were  restored 
in  the  temperature  range  of  110  -  160°  C,  while  the  nature  of  fracture 
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of  single  crystals  changed  from  brittle,  with  mirror-like  cleavage  at 
the  basal  plane,  to  ductile  at  an  elongation  up  to  several  hundredths 
of  percent,  with  pronounced  local  deformation. 

Experiments  with  zinc  and  cadmium  single  crystals  with  a  tin  surface 
coating  showed  a  different  temperature  dependence  of  influence  of  liquid 
metal  medium.  In  this  case  with  the  increase  in  temperature  the  influence 
of  liquid  metal  on  strength  and  ductility  of  single  crystals  steadily 
increased  [  186,  192  ]  .  The  degree  of  this  influence  can  be  judged  by 
the* zinc  stress-strain  curves  given  in  Fig.  72. 

Experiments  of  polycrystalline  metals  in  a  liquid  metal  medium  at 
different  temperatures  have  shown  that  the  mechanism  of  temperature 
influence  is  the  same  as  in  the  experiments  with  single  crystals. 

G.  F.  Kosogov  and  V.  I.  Likhtman  investigated  the  temperature  dependence 
of  the  effect  of  liquid  tin  and  lead  on  the  strength  and  ductility  when 
stressing  steels  containing  from  0.05  to  1.10%  carbon  at  a  rate  of 
1.25  mm/min  [21l]  .  They  established  that  liquid  metals  cause  a  decrease 
in  strength  and  ductility  of  steels  within  a  given  temperature  range 
above  the  melting  point  of  the  medium.  The  experiments  show  that  the 
decrease  of  the  strength  and  ductility  have  a  maximum  within  a  given  tem¬ 
perature  region  depending  on  the  concentration  of  carbon  in  steel  (Fig.  78). 
Consequently,  the  temperature  range  in  which  the  effect  of  liquid  metal  is 
exerted  increases,  with  0.05  carbon  content  the  influence  of  tin  was  observed 
in  a  temperature  range  between  200-A000  C,  and  in  steel  with  1.08%  carbon 
the  lowor  range  boundary  is  the  same  and  the  upper  reaches  600°  C. 
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V,  G.  Markov  [214]  observed  a  similar  dependence  of  influence  of  liquid 

tin  on  the  mechanical  properties  of  steel  upon  the  testing  temperature. 

The  experimental  results  of  mechanical  properties  at  a  strain  rate  of 
16%  of  Armco-iron  and  steels  at  different  temperatures  are  given  in  Ref. 
[220],  The  specimens  were  coated  with  liquid  Cd,  Zn  and  Sn.  It  was 
established  that  the  influence  of  liquid  metals  on  the  Armco-iron,  carbon 
and  low-alloy  steels  (St.  20,  St.  45,  40KhNMA  and  30KhGSA)  is  exerted 
within  a  certain  temperature  range,  which  is  limited  to  below  the  melting 
point  of  the  coating;  the  upper  temperature  boundary  depends  on  the  type 
of  steel  and  its  heat  treatment  and  differs  for  various  liquid  metal 
coatings.  Austenitic  steels  lKh!8N9T  and  EI878  with  zinc  coating  in 
contrast  to  the  above  indicated  steels  steadily  increase  the  effect  of 
liquid  metal  with  increase  in  temperature  (Fig.  79). 

Continuous  increase  of  the  effect  of  liquid  metal  with  the  increase  in 
temperature  was  observed  by  Ya.  M.  Potak  and  I.  M.  Shcheglakov  [205,  206], 
Table  38  shows  the  results  for  steels  30KhGSAand  EI388  tested  in  liquid 
tin  by  the  above  cited  authors.  It  is  evident  that  30KhGSA  steel  after 
hardening  and  tempering  with  the  increase  in  test  temperature  in  liquid 
tin  from  270  -  280  to  400°  C  becomes  a  completely  brittle  material, 
breaking  without  plastic  deformation,  whereas  at  400°  C  in  air  it  has 
a  relative  elongation  of  13.2%  and  relative  reduction  in  area  of  36.7%. 
30KhGSA  steel,  after  anneaUng,  is  not  subjected  to  the  influence  of  tin  at 
270  -  280°  C,  i.e.  at  a  temperature  somewhat  higher  than  the  melting  point 
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of  the  coating.  The  increase  of  the  testing  temperature  led  to  a 
significant  decrease  in  its  strength  and  ductility,  so  that  at  500°  C 
the  annealed  30KhGSA  steel  with  a  tin  coating  became  a  brittle  material 
(relative  elongation  of  2%,  and  relative  reduction  in  area  of  6%). 

Similar  results  for  a  continuous  increase  of  the  influence  of  liquid 
metal  on  the  strength  and  plastic  properties  of  materials  with  the 
increase  of  testing  temperature  were  also  obtained  in  references  [207,  208]. 

Thus,  the  temperature  dependence  of  the  influence  of  liquid  metals  on 
the  mechanical  properties  of  single  and  polycrystalline  metals  is  the  same 
and  appears  in  two  forms.  In  one  instance  the  effect  has  low  and  high 
temperature  boundaries,  and  in  the  other  only  a  low  temperature  boundary 
exists,  which  continuously  increases  with  increase  in  temperature. 

c.  Influence  of  the  deformation  rate 

The  deformation  rate  exerts  a  considerable  influence  on  the  effect 
of  liquid  metals  on  solids.  This  influence  was  detected  when  testing 
single  and  polycrystalline  metals. 

Fig.  80  shows  the  change  in  true  strength  and  limiting  relative 
elongation  for  tin  single  crystals  during  a  tensile  test  with  different 
deformation  rates  [193,  217],  It  is  evident  that  by  changing  the  rate 
of  strain  both  an  abrupt  embrittlement  of  specimens  coated  with  mercury 
can  be  obtained  or  the  influence  of  mercury  can  be  eliminated  completely. 

It  follows  from  Fig.  80  that  the  maximum  effect  of  liquid  metal  on  the 
tin  single  crystal  at  room  temperature  was  observed  for  the  largest 
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deformation  rate,  higher  than  10^%/min  .  The  redaction  of  the  deformation 
rate  leads  to  the  decrease  of  the  effect  and  a“  a  rate  of  less  than 
10^-10^%/min  the  effect  is  absent. 

The  tests  of  polycrystalline  specimens  have  shown  a  more  complex 
nature  of  the  influence  of  the  deformation  rate.  In  certain  papers  it 
was  also  observed, as  in  the  case  of  single  crystals,  a  weakening  or,  in 
the  extreme  case,  disappearance  of  the  effect  of  liquid  metal  during 
the  decrease  of  the  deformation  rate.  Fig.  81  shows  the  stress-strain 
curves  of  specimens  of  St.  20  with  two  strain  rates  -  10  and  0.055  mm/min, 
which  were  obtained  by  M.  I.Chayevskii  and  V.  I.  Likhtman  [221,  222], 

The  experiments  were  carried  out  on  cylindrical  specimens  with  a  working  area 
of  10  mm  in  diameter  and  40  mm  long.  The  test  temperature  was  400°  C.  The 
influence  of  two  liquid  metal  melts,  eutectic  alloys  Pb-Bi  and  Pb-Sn,  was 
investigated.  It  is  evident  from  Fig.  81  that  with  a  deformation  rate  of 
10  mm/min  the  carbon  steel  undergoes  a  decrease  in  strength  and  ductility 
under  the  action  of  both  melts  (curves  1,  3,  5).  With  a  lower  deformation 
rate  (0.055  mm/min)  the  mechanical  properties  of  steel  in  air  and  in 
the  indicated  liquid  metals  are  the  same. 

An  analogous  action  of  the  deformation  rate  on  the  influence  of  a 
liquid  metal  medium  was  also  observed  in  experiments  with  2(Kh  steel  [223], 
The  tensile  test  for  the  specimens  prepared  from  this  steel  was  carried  out 
with  that  same  deformation  as  in  the  specimens  of  St.  20,  i.e.  10  and 
0.055  mm/min.  The  test  temperatures  were  400,  450,  500  and  600°  C. 
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An  alloy  containing  59. 5%  Sn,  36,7%  Pb  and  3.8%  A1  was  used  as  a  liquid 
metal  medium  and  the  specimens  were  elongated  in  a  liquid  metal  bath. 

It  has  been  established  that  with  a  deformation  rate  of  10  mm/min  the 
effect  of  the  melt,  expressed  in  the  abrupt  loss  of  steel  capability  to 
plastic  deformation,  occurs  only  at  a  temperature  of  400°  C.  The 
decrease  of  the  deformation  rate  to  0,055  mm/min  led  to  complete 
restoration  of  mechanical  properties  of  steel  in  contact  with  liquid 
metal  to  the  initial  level. 

An  analogous  action  of  the  deformation  rate  on  the  effect  of 
liquid  indium  on  an  aluminum  alloy  was  observed  by  Rostoker,  McCaughey 
and  Markus  [8], 

In  other  studies  the  influence  of  the  deformation  rate  on  the 
described  effect  was  directly  contrary  to  that  observed  in  the  above 
investigations.  It  has  been  indicated  that  the  increase  of  the  deformatio 
rate  of  the  materials  leads  to  the  weakening  of  the  effect  of  liquid  metal 
environment.  Ya.  M.  Potak  and  I.  M.  Shcheglakov  investigated  the  behavior 
of  30KhGSA  steel  under  static  and  dynamic  bending  [205,  206],  The  test 
was  carried  out  on  a  cylindrical  specimens  ( 19  mm  in  diameter)  with  a  circum¬ 
ferential  notch  at  a  temperature  of  300°  C.  One  set  of  specimens  was 
tested  without  a  surface  coating  and  the  other  with  a  tin  coating. 

The  rate  of  the  static  bending  was  1.5  mm/min  and  dynamic  bending  was 
3.6x10^  mm/min.  The  steel  was  tested  with  a  high  and  an  average  strength 
level.  Experimental  results  are  given  in  Table  39, 
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It  is  evident  from  the  Table  that  the  work  of  rupture  of  steel 
specimens  under  static  bending  decreased  under  the  action  of  liquid  tin 
by  more  than  one  order  of  magnitude.  Rapid  loading  of  specimen  removed 
the  detrimental  influence  of  liquid  metal  surface  film  almost  completely. 

Greenwood  investigated  the  mechanical  properties  of  copper  at  various 
strain  rates  [  224]  .  Specimens  coated  with  mercury  were  used.  The 
results  are  given  in  Table  40.  The  Table  shows  the  mechanical  properties 
of  uncoated  copper  only  at  a  strain  rate  of  40%/hr,  however  tests  were 
also  carried  out  at  other  rates.  The  experiments  show  that  in  the  range 
of  investigated  deformation  rates  the  mechanical  properties  of  uncoated 
copper  specimens  remain  the  same.  Based  on  data  in  Table  4o  one  can 
conclude  the  significant  weakening  of  the  effect  of  liquid  mercury  on  copper 
with  the  increase  of  the  deformation  rate  from  0.2  to  1000%/hr.  The  data 
in  Table  40  also  show  that  the  nature  of  the  influence  of  the  deformation 
rate  on  the  effect  of  liquid  mercury  is  the  same  for  copper  with  coarse 
and  fine  grains. 

The  weakening  of  the  effect  of  liquid  solders  on  the  mechanical  pro¬ 
perties  of  steels  during  bending  with  an  increased  load  rate  was  noted 
in  Ref.  [207  ]. 

The  experimental  results  stated  above  enabled  one  to  indicate  the 
two  boundaries  of  liquid  metal  effect  [219,  345]  .  Evidently,  at  a 
constant  temperature  the  influence  of  liquid  metals  can  be  observed  within 
a  given  range  of  deformation  rates.  The  effect  does  not  appear  for  lower 
and  higher  values  than  those  determined  for  deformation  rates. 
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The  correlation  between  the  influence  of  the  deformation  rate 
(lower  boundary)  and  the  temperature  (upper  boundary)  on  the  action  of 
liquid  metals  should  be  noted.  Thus,  the  increase  in  test  temperature 
may  lead  to  a  transfer  of  a  boundary  developing  the  effect  into  the 
region  of  higher  strain  rates  or  to  its  disappearance.  A  similar 
increase  in  the  deformation  rate  may  cause  a  substantial  rise  in  the 
threshold  temperature  of  induced  brittleness.  The  relationship  between 
the  temperature  and  strain  rate  based  on  the  tests  of  aluminum  alloy 
wetted  with  a  liquid  mercury  containing  3%  zinc  [8]  is  found  in  the 
form  of 


r  =  41ni>-i-2i,  (148) 

where  T  is  the  temperature;  is  the  deformation  rate;  A  and  B 
are  the  constants.  Equation  (148)  is  obtained  by  connecting  the  points 
on  the  "temperature-strain  rate"  graph  which  corresponds  to  similar 
magnitude  of  relative  elongation o f  specimens.  In  the  given  case  the 
corresponding  constants  of  the  tested  metal  were  such  that  the  metal 
possessed  the  same  ductility. 

It  should  be  noted  that  the  relationship  between  the  temperature  of 
brittle  transition  and  strain  rate  was  first  established  when  testing 
metals  in  an  inactive  medium  by  F.  V.  Vitman  and  V.  A,  Stepanov  [  343]  . 
Its  applicability  for  interaction  conditions  of  adsorptive-active  liquid 
metal  was  established  by  V.  I.  Likhtman  and  E.  D.  Shchukin  [  214]  . 
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d.  Influence  of  grain  size 


The  same  metal  but  with  a  different  grain  size  is  subjected  to  the 
effect  of  the  liquid  metal  environment  to  a  varying  degree.  In  all 
investigations,  devoted  to  the  study  of  the  influence  of  grain  size,  an 
unambigous  result  was  obtained.  It  was  established  that  with  the 
increase  in  the  mean  grain  diameter  the  strength  of  a  solid  metal 
in  contact  with  a  liquid  metal  is  decreased. 

This  was  concluded,  for  example,  from  the  results  presented  above 
for  tensile  test  with  various  deformation  rates  of  copper  specimens 
coated  with  mercury.  It  follows  from  Table  40  that  the  strength  and 
relative  elongation  of  specimens  with  a  mean  grain  diameter  of  0.1  mm 
is  lower  than  that  of  specimens  with  a  mean  grain  diameter  of  0.03  mm 
in  all  rates  of  strain  employed. 

The  mechanical  properties  of  annealed  LS59-1  brass  with  a  grain 
diameter  of  50,  220,  280  microns  were  investigated  in  Ref.  [225]. 

The  test  was  carried  out  by  elongating  the  specimens  at  a  constant 
deformation  rate  of  0.03  mm/sec.  One  set  of  specimens  was  tested  with 
mercury  coating  and  the  other  without  a  coating.  They  were  tested  at 
room  temperature.  The  results  obtained  indicate  that  with  an  increase 
in  grain  size  the  strength  of  pure  specimens  and  those  with  a  liquid 
metal  surface  film  decreased.  However  the  degree  of  decrease  in  their 
strength  is  not  the  same:  under  the  action  of  liquid  mercury  the  decrease 
in  brass  strength  with  the  increase  in  grain  size  occurs  more  intensively. 
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For  example,  with  a  grain  diameter  of  220  microns  the  strength  of  brass 
in  mercury  is  317.  lower  than  the  strength  in  air,  and  with  a  grain 
diameter  of  280  microns  it  is  407.  lower. 

It  has  been  established  by  bending  tests  of  steel  specimens  in  contact 
with  molten  tin-lead  solder  that  the  effect  of  liquid  metal  is  also  reduced 
with  the  decrease  in  grain  size  [207]. 

A  functional  relationship  between  the  true  tensile  strength  in  a  liquid 
metal  medium  and  mean  grain  diameter  of  the  metal  being  tested  was  found. 
Fig.  82  shows  the  dependence  between  these  magnitudes  for  70/30  brass  at 
room  temperature,  obtained  in  Ref.  [226],  In  accordance  with  the  graph 
the  following  expression  may  be  written 

SB  =  So+^-l/l.  (149) 

where  is  the  true  tensile  strength  of  brass  with  a  mercury  coating; 
d  is  the  mean  diameter  of  grain;  Sq  and  K  are  the  constants. 

Similar  dependence  were  also  obtained  when  testing  low-carbon  steel 
in  lithium  at  a  temperature  of  250°  C  [226],  cadmium  in  gallium  at  25°  C 
[227]  and  copper  in  mercury  at  25°  C  228]  and  in  lithium  at  205°  C  [8], 

It  should  be  noted  that  equation  ( 149  is  frequently  not  obtained  when 
testing  those  same  materials  in  air.  The  reason  is  that  significant 
plastic  deformation  precedes  the  fracture  of  metal  in  air.  When  the 
fracture  of  specimens  which  are  not  in  contact  with  liquid  metal  is 
brittle  the  relationship  between  the  fracture  stress  and  grain  diameter 
is  also  described  by  equation  (149)  [227,  229,  230], 


The  relationship  (149)  is  valid  not  only  for  true  strength  but  also 
for  the  yield  point  [8]  and  limit  of  proportionality  [227],  It  is 
evident  from  Fig.  83,  which  shows  the  results  of  constant  r£te  tensile 
tests  carried  out  for  70/30  brass  coated  with  mercury,  that  the  constant  K 
in  equation  (149)  is  lower  for  the  yield  point  than  for  true  tensile 
strength  whereas  the  magnitude  Sq  remains  the  same.  The  difference  in 
constants  K  indicates  that  with  the  decrease  in  grain  size  the  difference 
in  true  tensile  strength  and  yield  point  is  increased,  i.e.  the  smaller 
the  graim  diameter  the  greater  plastic  deformation  preceding  the  fracture 
of  the  specimen. 

Nichols  and  Rostoker  investigated  the  stress  necessary  to  initiate 
cracking  or  to  propagate  cracking  in  70/30  brass  wetted  with  mercury  at 
room  temperature  as  a  function  of  the  mean  grain  size.  The  stress 
necessary  for  crack  initiation  was  determined  by  testing  the  specimens 
which  had  been  pre-cracked  across  a  portion  of  the  test-section.  The  re- 
initation  stress  was  computed  on  the  basis  of  measured  tensile  force  and 
the  residual  uncracked  cross  section.  The  experiments  have  showr  that 
the  stress  necessary  for  crack  initiation  is  higher  than  the  stress 
necessary  for  its  propagation  during  which  the  difference  between  them 
is  greater  the  lower  the  linear  dimension  of  the  grain.  The  relationship 
between  each  of  these  characteristic  stresses  and  the  inverse  square 
root  of  the  mean  grain  diameter  was  found  to  be  linear  similarly  to 
equation  ( 149) . 
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The  grain  size  of  solid  metals  also  affects  the  temperature  at  which 
the  transition  from  brittle  to  ductile  behavior  occurs  (see  Chapter  I). 
The  tensile  elongation  as  a  function  of  temperature  for  annealed  70/30 
brass  of  various  grain  sizes  was  investigated  in  Ref,  [231],  It  has 
been  established  tiiat  the  embritt'ament  in  brass  by  liquid  mercury 
is  temperature  dependent  and  that  the  temperature  is  governed  by  the 
grain  sire.  Fig.  84  shows  that  the  correlation  between  transition 
from  brittle  to  ductile  behavior  and  the  logarithm  of  the  mean  grain 
diameter  is  linear. 

e.  Influence  oi  stress  concentrators 

The  experimental  results  of  the  influence  of  notched  type  stress 
concentrators  on  the  effect  of  liquid  metals  on  solid  metals  in  the 
deformation  process  are  discrepant. 

The  influence  of  stress  concentrators  in  the  form  of  a  circular 
hole  in  the  middle  portion  of  flat  specimen  on  the  mechanical  properties 
of  L68  brass  in  tension  was  investigated  in  Ref.  [232].  The  specimens 
had  a  working  area  4  mm  wide,  14  mm  long  and  1  mm  thick.  The  hole 
was  0.8  mm  in  diameter.  The  specimens  were  tested  without  and  with 
mercury  coating  at  room  temperature.  Table  41  shows  the  experimental 
results.  The  Table  also  includes  values  of  effective  coefficients 
aeff  were  calculated  as  a  ratio  of  specimen's  strength  with 

stress  concentrator  to  the  strength  of  flat  specimen. 


26 


The  relative  elongation  in  this  ease  is  an  arbitrary  magnitude.  Tt  is 
calculated  as  a  ratio  of  elongation  of  the  working  area  of  the  notched 
specimen  to  its  initial  elongation. 

It  is  evident  from  data  in  Table  41  that  a  stress  concentration  at 
the  circular  hole  in  the  flat  specimen  appeared  when  testing  in  air 
but  when  testing  in  liquid  mercury  its  influence  is  almost  absent. 
Consequently  the  degree  of  mercury  effect  on  the  strength  and  ductility 
of  specimens  with  stress  concentrators  is  lower  than  on  the  strength 
and  ductility  of  flat  specimens.  The  notch  action  also  did  not  appear 
when  testing  flat  specimens  of  L62  brass  with  notch  in  a  form  of  circular 
hole,  when  their  surface  was  •  ctteri  with  mercury  [233]  , 

Results  similar  to  those  stated  above  were  also  obtained  during 
tensile  tests  of  flat  specimens  with  notches  on  the  sides  [8] 

Aluminum  base  alloy  type  2024-T4  was  used  as  a  test  specimen  and 
mercuric  amalgam  as  a  liquid  metal.  It  is  evident  from  Fig.  85  that 
the  fracture  stress  is  practically  the  same  in  flat  specimens  with 
grooves  of  different  radii  of  curvature  up  to  0.1  mm. 

There  are  also  papers  in  which  the  intensification  of  liquid  metal 
effect  on  specimens  with  stress  concentrators  was  compared  to  specimens 
without  concentrators.  For  example,  authors  of  Ref.  [  220]  tested 
specimens  of  steel  40KhNKA  with  a  circular  notch  1  mm  deep  and  0.2  mm 
in  radius.  They  observed  a  sudden  drop  in  the  strength  and  ductility 
in  cadmium  coated  specimens  in  the  range  320-480°  C. 
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The  strength  at  350°  C  Is  only  half  that  of  the  specimens  without  coating. 

At  the  same  time  the  flat  specimens  under  the  action  of  cadmium  experience 
only  a  slight  reduction  in  strength. 

It  has  been  shown  in  Ref.  [2^1]  that  the  specimens  of  St.  20,  which 
were  tensile  tested  at  a  constant  rate  in  a  melt  of  eutectic  Pb-Sn,  revealed 
increased  ductility  if  the  working  parts  of  the  specimen  are  ground  and 
noticeably  lesser  if  marks  from  the  lathe  machining  are  not  removed. 

Y a.  M.  Pctak  indicates  almost  a  sixfold  reduction  in  strength  of 
30KhGSA  steel  under  the  action  of  tin-lead  solder  during  a  bending  test 
of  notched  specimens  [206]  .  Tensile  test  of  flat  specimens  under 

such  conditions  showed  that  their  strength  decreased  by  10%.  Although 
a  bending  test  in  a  liquid  metal  is  more  rigid  since  the  surface  layer  of 
the  specimen  is  under  maximum  stress  nevertheless  the  significant  difference 
in  the  effect  during  tension  and  bend'ng  was  apparently  due  mainly  to  the 
presence  of  the  notch  in  the  bending  specimens. 

Thus,  the  data  available  at  the  present  time  on  the  influence  of 
stress  concentrators  on  the  effect  of  liquid  metal  on  solid  under  the 
conditions  of  deformation  and  failue  still  do  not  enable  to  explain  the 
general  mechanisms.  Based  on  the  published  data  it  is  possible  to 
conclude  that  the  presence  of  stress  concentrators  either  has  not  effect 
on  the  strength  and  ductility  of  the  material  in  a  liquid  metal  medium 
or  leads  to  the  increase  of  effect  of  the  medium. 
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Based  also  on  the  general  presentations  one  can  expect  that  with  a 
sufficiently  developed  dissolution  process  in  the  liquid  metal  the 
influence  of  the  medium  will  lead  to  the  decrease  of  action  of  rather 
sharp  notches.  On  the  other  hand  taking  into  account  that  the  increase 
of  stresses  in  the  notch  should  intensify  the  influence  of  the  medium 
the  presence  of  a  contrary  action  of  stress  concentrators  under  specific 
conditions  should  be  considered  possible. 

f.  Influence  of  cold-ha rd«ning 

Preliminary  plastic  deformation  of  metal  leads  to  its  strengthening 
with  subsequent  deformation  in  liquid  metal  medium  as  well  as  in  air. 

The  degree  of  liquid  metal  influence  can  be  both  weaker  and  stronger 
in  the  cold-hardened  material  than  in  the  starting  material. 

Table  42  shows  the  results  of  tensile  tests  of  zinc  single  crystals 
subjected  first  to  plastic  deformation  [189,  191],  Cold-hardening  was 
carried  by  straining  the  specimens  at  room  temperature.  Subsequently 
one  group  of  specimens  was  tensile  tested  at  a  temperature  of  -185°  C 
and  the  other  at  +20°  C.  The  specimens  of  the  first  group  were  tested 
without  surface  coating  and  the  specimens  of  the  second  group  with 
mercury  coating.  Failure  in  both  groups  occurred  at  the  basal  plane 
and  was  brittle.  Table  42  includes  also  the  values  of  normal  fracture 
stresses  which  enables  one  to  compare  the  nature  of  strengthening  of 
zinc  single  crystals  under  two  types  of  brittle  failure  indicated  above. 
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It  follows  from  the  Table  that  cold-hardening  leads  to  the  strengthening 
of  single  crystals  which  are  pure  and  subjected  to  the  influence  of 
liquid  metal.  In  this  case  the  degree  of  strengthening  of  both  single 
crystals  undei  similar  cold-hardening  is  about  the  same. 

The  testing  of  polycrystalline  metals  showed  that  they  also  (k.elop 
a  capacity  of  strengthening  in  liquid  m.  al  medium  as  a  result  of  cold 
hardening.  It  has  been  established,  for  example,  that  such  a  strength¬ 
ening  is  shown  by  an  annealed  L62  brass  when  tested  in  liquid  mercury  [234], 
The  test  was  carried  out  on  cylindrical  specimens  with  a  working  area 
1  mm  in  diameter.  Cold-hardening  was  set  by  tension  at  room  temperature 
with  a  rate  of  1,85  mm/min  up  to  different  magnitude  of  residual  deformation 
(to  40%  of  residual  elongation).  Further  testing  of  specimens  was  carried 
out  also  by  tension  at  room  temperature.  It  is  evident  from  the  experimental 
results  given  in  Fig.  J6  that  cold-hardening  leads  to  increase  in  strength 
and  yield  point  and  dcrease  of  relative  elongation  and  relative  reduction 
in  area  of  brass  both  in  air  and  in  mercury.  However  in  all  cases  the 
strength  and  ductility  characteristics  of  brass  are  substantially  lower 
in  liquid  metal  than  in  air.  It  should  be  noted  that  the  yield  points 
become  almost  equal  to  the  strength  of  brass  when  testing  in  air  after 
preliminary  tension  to  27%  whereas  when  testing  in  liquid  mercury  they 
approach  8%  already  after  tension.  From  a  strength  comparison  in  mercury 
and  in  air  of  the  cold-hardened  and  starting  material  it  should  be  concluded 
that  the  effect  of  liquid  metal  is  lower  on  cold-hardened  material. 
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A  similar  conclusion  was  made  in  Ref.  [8]  based  on  the  determination 
of  elongation  during  rupture  in  air  and  in  mercury  of  a  preliminarily 
cold-hardened  aluminum  alloy. 

In  addition  to  the  data  presented  above  there  are  investigations 
in  which  an  increase  of  liquid  metal  effect  on  the  solid  metal  subjected 
to  preliminary  plastic  deformation  was  observed. 

Fig.  87  shows  the  results  of  tensile  tests  carried  out  for  70/30 
brass  coated  with  mercury  at  a  constant  deformation  after  cold  hardening 
[228],  It  is  evident  that  the  specimens  with  a  mean  grain  diameter  of 
0.032  mm  undergo  a  reduction  in  true  tensile  strength  for  all  values  of 
preliminary  plastic  deformation.  The  specimens  with  a  mean  grain  diameter 
of  0.08  mm  after  preliminary  deformation  to  about  20%  are  strengthened  and 
become  soft  at  higher  deformation.  The  specimens  with  a  grain  diameter 
of  0.16  mm  and  higher  are  strengthened  after  cold-hardening. 

Experimental  results  on  the  influence  of  preliminary  plastic  deformation 
can  be  understood  if  one  takes  into  consideration  in  this  case  the  action 
of  the  following  two  factors.  First,  during  cold  hardening,  an  increase 
of  material  strength  occurs  and  this  should  intensify  the  effect  of  the 
liquid  metal.  Second,  cold-hardening  causes  grinding  of  structual  com¬ 
ponents  (grains,  sub-grains,  block  structures)  of  solid  metal  which 
weakens  the  effect.  Depending  on  the  degree  of  influence  of  each  of 
these  factors  the  final  effect  is  determined  in  each  specific  experiment. 

It  is  evident  that  for  sufficiently  fine  gr?.in  in  the  tested  metal  the 
action  of  the  first  factor  would  be  prevalent  and  cold-hardening  will 
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intensify  the  influence  of  the  liquid  metal  medium.  A  more  effective 
action  of  the  second  factor  should  be  expected  in  metals  with  relatively 
coarse  grain  and  single  crystals  and  consequently  the  weakening 
influence  of  the  medium  with  the  increase  of  degree  of  cold-hardening. 
The  experimental  results  described  above  are  in  agreement  with  this 
explanation. 

g.  Influence  of  thermal  and  thermomechanical  treatment 

The  degree  of  influence  of  the  liquid  metal  medium  on  the  deformed 
material  depends  on  the  thermal  and  thermomechanical  treatment.  This 
influence  is  determined  to  a  considerable  degree  by  the  strength  level 
and  grain  size  acquired  by  the  materials  as  a  result  of  the  treatment. 
However  the  action  of  thermal  and  thermomechanical  treatment  is  also 
associated  with  certain  pecularities  of  the  structural  state  of  the 
material . 

V.  G.  Markov  investigated  the  effect  of  liquid  tin  on  pearlite 
chromemolybdenum  vanadium  steel  subjected  to  tempering  at  various 
temperature  [214].  In  all  instances  liardening  was  carried  out  at 
990°  C,  and  tempering  at  270,  370,  470,  570,  670  and  770>  C;  the 
duration  of  tempering  at  each  temperature  was  1.5  hr.  The  specimens 
were  made  from  steel  billets,  subjected  to  the  indicated  conditions 
of  thermal  treatment,  with  a  cylindrical  working  area  6  mm  in  diameter 
Subsequently  the  specimens  were  tensile  tested  at  a  rate  of  1.25  mm/min. 
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The  experiments  were  carried  out  in  a  bath  with  liquid  cin  and  in  air 
at  a  temperature  of  250  650°  C. 

It  has  been  established  that  the  steel  after  low  and  mean  tempering 
(at  a  temperature  of  270-470°  C)  was  affected  the  greatest  by  liquid 
metal.  The  specimens  subjected  to  such  a  thermal  treatment  undergo 
brittle  fracture  without  plastic  deformation  and  their  strength  is 
lower  than  the  yield  point  in  air  by  a  factor  of  1.5-2.  The  specimens 
tempered  at  570°  C  undergo  fracture  in  tin  after  certain  plastic  deformation 
and  there  is  a  discontinuity  on  the  stress-strain  curve  in  the  region  of 
uniform  deformation.  Tempering  at  570°  C  caused  further  weakening  of 
tin  influence  on  steel.  In  this  case  the  yield  points,  strength  and 
uniform  elongation  of  the  specimens  tested  in  air  and  in  tin  are  the 
same.  The  influence  of  liquid  metal  caused  only  the  decrease  of 
concentrated  elongation.  The  specimens  subjected  to  tempering  at 
770°  C  are  not  affected  by  the  liquid  metal  medium. 

Thus,  the  increase  of  a  tempering  temperature  decreased  liquid 

metal  effect  on  the  mechanical  properties  cf  pearlite  steel.  The 

weakening  of  the  effect  in  this  case  is  caused  apparently  by  the 

decrease  in  strength  of  steel.  Thus,  strength  in  air  changes 

continuously  with  about  130  kg/mm2  after  tempering  at  270°  C  to 
2 

55  kg/min  after  tempering  at  670°  C. 

Similar  mechanisms  for  the  thermal  treatment  effect  of  30KhGSA 
steel  on  the  magnitude  of  liquid  tin  and  tin-lead  solder  influence 
have  been  established  in  references  [204-206],  The  results  are 
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discussed  above  (see  Table  35).  It  was  noted  in  Ref.  [235]  that  high 
temperature  tempering  of  pearlite  chrome-nickel  and  carbon  steels 
decreased  their  susceptibility  to  melted  solder  effects. 

Authors  of  Ref,  [213]  investigated  the  influence  of  mercury  at 
room  temperature  on  the  mechanical  properties  of  precipitation-hardened 
aluminum  alloys  as  a  function  of  the  duration  cf  agirg.  Fig.  88  shows 
the  experimental  results  of  an  aluminum  alloy  with  4.5%  Cu,  0.6%  Mn  and 
1.5%  Mg.  It  is  evident  that  the  increase  in  aging  duration,  followed 
by  strengthening  in  air,  caused  an  abrupt  decrease  of  its  strength  in  a 
liquid  mercury  medium.  It  is  interesting  that  a  slight  alloy  strength¬ 
ening  in  the  beginning  of  the  aging  process  is  caused  by  a  strong 
influence  of  liquid  metal.  This  indicates  the  dependence  of  the  effect 
of  the  liquid  metal  medium  on  the  structural  state  of  the  material. 

A  somewhat  different  influence  of  the  liquid  metal  (mercury  with 
2%  Na)  is  observed  when  aging  Cu  alloy  with  2%  Be  [236,  237],  It 
follows  from  Fig.  89  that  testing  an  alloy  in  liquid  metal  does  not 
affect  (qualitatively)  the  influence  of  aging  on  its  yield  point. 

In  this  case  the  usual  strengthening  stages  and  subsequently  softening 
(with  the  increase  of  soaking)  associated  with  the  over-aging  of  alloy 
were  observed.  The  influence  of  liquid  metal  on  the  relative  elongation 
of  the  material  was  similar  to  the  influence  on  the  strength  established 
in  Ref.  [213],  i.e.  the  effect  of  the  medium  causing  the  reduction  of 
relative  elongation  becomes  stronger  in  proportion  to  the  alloy 
strengthening  and  has  the  highest  magnitude  during  maximum  strengthening. 
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Over-aging  an  alloy  causes  a  decrease  of  embrittlement  by  liquid  metal 
coating. 

Fig.  89  also  shows  the  experimental  results  of  copper-beryl lium 
alloy  subjected  to  cold-hardening  and  tempering.  This  treatment 
promotes  greater  alloy  strengthening  during  aging  however  the 
decrease  of  relative  elongation  was  lower.  For  example,  the 
greatest  decrease  of  elongation  after  tempeixiig  and  ^old-hardening 
was  about  607.  whereas  after  only  tempering  it  was  close  to  10C 7. 

Using  cold-hardening  after  heat  treament  as  shown  in  references 
[236,  237]  usually  does  not  cause  any  changes  in  the  degree  of  liquid 
metal  effect.  Thus,  cold-hardening  of  copper-beryllium  alloy  after 
tempering  and  aging  at  370°  C  for  0.5  and  12  hrs,  i.e.  up  to  the 
highest  strengthening  (see  Fig.  89)  does  not  lead  to  an  increase 
but  to  a  weakening  of  the  influence  of  the  liquid  metal  medium. 

An  alloy  subjected  to  maximum  strengthening  during  thermal  treatment 
(tempering  and  aging  at  370°  C  for  1  hr)  discloses  an  increase  of 
effect  of  the  medium  with  the  increase  of  cold-hardening  degree. 

Thermomechanical  treatment  of  the  material  in  a  number  of  cases 
enables  one  to  increase  its  strength  in  a  liquid  metal  medium.  In 
references  [238,  239]  the  influence  of  thermomechanicul  treatment  on 
the  mechanical  properties  of  40Kh  steel  was  investigated  in  air  and 
in  contact  with  eutectic  Fo-Sn.  Cylindrical  specimens  10  min  in  diameter 
with  a  circular  notch  were  tested.  The  treatment  of  the  material  wjs 
carried  out  in  the  region  of  the  stress  concentrator. 
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The  specimen  was  placed  on  a  special  device  and  heated  by  passing  an 
electrical  current  through  it  up  to  the  austenitic  temperature. 
Subsequently  it  was  cooled  to  temperature  400-600°  C  during  which 
the  notch  was  rolled  with  profiling  rollers.  The  initial  depth  of 
the  notch  applied  on  the  turning  lathe  was  1  mm,  the  radius  at  the 
top  0.2  mm  and  the  angle  0.8  rad.  When  rolling  the  depth  of  the 
notch  increased  to  1.5  mm  while  the  radius  remained  the  same. 

Afte-  rolling  the  specimen  was  subjected  to  hardening  in  oil  with 
subsequent  tempering.  In  addition  to  the  above  thermomechanical 
treatment  the  specimen  was  subjected  to  torsional  stress.  The 
influence  of  cold-hardening  at  room  temperature  on  the  liquid  metal 
effect  on  the  steel  after  hardening  and  normalizing  was  also  determined. 

It  is  evident  from  the  stress-strain  curves  preseru-ed  in  Fig.  90 
that  at  a  temperature  of  400  and  500°  C  the  specimens  subjected  to 
quenching  fractured  under  the  action  of  liquid  metal  in  the  elastic 
region  undergoing  repeated  reduction  in  strength.  Some  increase  in 
strength  is  achieved  by  cold-hardening,  rolling  at  room  temperature 
and  thermomechanical  treatment  by  means  of  torsion.  Thermomechanical 
treatment  by  rolling  leads  to  the  greatest  increase  in  strength.  Even 
though  when  testing  in  air  this  treatment  yields  an  abrupt  increase  in 
ductility  the  specimens  undergo  brittle  fracture  when  tested  in  a  melt. 
It  should  be  nou:d  that  the  method  of  thermomeclianical  treatment  which 
proved  to  be  effective  for  40Kh  steel  did  not  give  a  positive  result  for 
2Khl3  steel  when  testing  in  air  or  in  a  melt  of  eutectic  Pb-Sn  [239], 
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The  degree  of  influence  of  the  liquid  metal  in  this  case  is  about  the 
same  as  after  hardening  and  tempering  giving  the  same  level  of 
strength  and  ductility  to  steel. 

The  data  presented  above  indicate  that  the  increase  in  strength 
as  a  result  of  thermal  and  thermomechanical  treatment,  as  a  rule, 
intensifies  the  liquid  metal  effect.  The  strengthening  effect  of 
40Kh  steel  in  eutectic  Fb-Sn  after  rolling  the  stress  concentrator 
is  associated  mainly  with  the  appearance  of  compressive  stresses 
in  the  surface  layer  of  the  specimen,  since  the  same  thermomechanical 
treatment  but  subjecting  the  specimen  to  torsional  stress  docs  not  give 
similar  results.  The  structural  factor  exerts  apparently  an  influence 
on  the  degree  of  liquid  metal  effect  when  testing  precipitation 
hardening  alloys.  An  increase  of  the  influence  of  the  medium  on 
these  alloys  should  be  expected  since  significant  stress  concentration 
in  the  region  of  finely  divided  segregations  may  appear  in  them. 

The^e  segregations  are  serious  obstacles  in  the  path  of  crack  propagation. 

h.  Influence  of  chemical  composition  of  liquid  metal 

Comparison  of  data  on  the  behavior  of  solid  metal  in  different  liquid 
metals  during  deformation  indicates  ‘bat  the  change  in  strength  and 
ductility  does  not  occur  in  every  medium.  Thus,  the  action  of  liquid 
metals  is  selective.  As  indicated  above,  it  is  determined  by  the  capacity 
of  liquid  metal  to  decrease  the  surface  energy  of  solid  metal,  to  produce 
corrosive  fracture  in  the  surface  layer  and  to  diffuse  into  solid  metal. 
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In  the  final  analysis  the  effect  depends  on  the  nature  and  degree 
of  interaction  between  atoms  of  solid  and  liquid  metals. 

An  attempt-  has  been  made  in  references  f  199,  24o]  to  find  a 
relationship  between  the  effect  of  adsorptive  decrease  in  strength 
and  ductility  as  well  as  the  type  of  binary  phase  diagram  of  the 
solid-liquid  metal  systems.  It  was  noted  that  an  abrupt  decrease 
in  strength  occurs  usually  when  the  phase  diagram  belongs  to  the 
simple  eutectic  type,  there  is  a  narrow  region  of  solubility  cf 
liquid  metal  in  the  solid  at  the  melting  point  of  eutectic  and  the 
intormetallic  compounds  are  absent.  There  will  be  no  change  in  the 
mechanical  properties  if  the  liquid  metal  forms  a  wide  region  of 
solid  solutions  in  the  solid  metal  or  if  they  interact  with  the 
formation  of  in'-ernetallic  compounds.  The  liquid  metal  also  does  not 
affect  the  deformable  solid  metal  when  it  does  not  dissolve  into  the 
solid  metal  and  they  are  nor  miscible  in  a  liquid  state. 

This  rule  as  indicated  by  the  authors  themselves  ascertains  the 
most  probable  trend.  However  there  are  exceptions  to  this  rule. 

For  example,  M.  N.  Gavze  has  established  an  abrupt  decrease  in  strength 
of  certain  pearlite  steels  in  liquid  mercury  during  constant  rate 
tensile  test  at  room  temperature  [ 2 A 1 ] .  It  is  well  Known  that  mercury 
in  insoluble  in  iron  and  consequently  should  not  cause  an  adsor^ti  -e 
decrease  in  strength  in  steel  in  accordance  with  this.  Corrosive  effect 
in  these  exp  .  .-merits  did  not  appear  due  to  ''he  negligible  solubility 
of  iron  in  mercury  at  roo.^  >  emperature  [119], 
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The  diffusion  factor  did  not  affect  sirce  mercury  is  insoluble  in  iron 
and  the  test  temperature  was  too  low  for  the  occurrence  of  di fusion 
processes  with  appreciable  rate.  Thus,  the  influence  of  mercury  in 
these  experiments  has  apparently  adsorptive  nature. 

One  of  the  reasons  for  the  deviation  from  the  above  rule  is  a 
different  electron  structure  of  metal  along  the  grain  boundaries  than 
the  one  inside  them  as  indicated  by  E.  D.  Shchukin,  B.  D.  Summ  and  Yu. 

V.  Goryunov  [  446]  . 

Certain  metal  additions  to  the  liquid  metal  medi"m  cause  substantial 
change  in  the  magnitude  of  the  effect.  Fig.  91  shows  the  results  of 
tensile  tests  for  zinc  single  crystals  with  lead-tin  surface  coating 
[  192,  242  ]  .  Liquid  lead  is  an  inactive  medium  with  respect  to  zinc 
and  does  not  decrease  it*  strength  and  ductility.  However,  lead  addition 
to  tin  even  in  a  small  amount  had  a  detrimental  effect  on  the  mechanical 
properties  of  zinc.  It  is  evident  from  Fig.  91  that  the  true  tensile 
strength  and  relative  elongation  of  zinc  during  fracture  decrease 
steadily  with  the  increase  of  tin  concentration  in  lead  to  20%.  At  a 
higher  concentration  the  effect  of  liquid  metal  remains  practically 
the  same . 

Table  43  shows  the  results  of  tensile  tets  carried  out  at  a  constant 
rate  for  2024-T3  aluminum  alloy  wetted  with  mercury  amalgam  [  8  ]  .  It 
follows  from  the  data  in  the  Table  that  not  all  of  the  additions  to 
mercury  affect  its  embrittlement  capability. 


Thus,  sodium,  magnesium  and  cadmium  do  not  change  the  strength  of 
the  alloy  in  mercury,  and  the  addition  of  tin  seems  to  somewhat  weaken 
the  effect  of  mercury.  However,  zinc  and  gallium  even  in  very  small 
amounts  substantially  increase  the  effect  of  mercury.  An  amalgam  with 
2,  4  and  8%  Zn  exerts  practically  the  same  influence  probably  because 
the  solubility  point  of  zinc  in  mercury  changed  and  the  amalgam 
consists  of  two  phases,  liquid  and  solid.  The  same  thing  occurs  for 
amalgam  with  2,  47.  and  8%  gallium  however  these  compositions  represent 
mixtures  of  two  liquids,  one  mercury-rich  and  the  other  gallium- rich. 

Tl\e  above  described  influence  of  additions  to  liquid  metal  on  the 
fracture  of  a  high  melting  metal  occurred  as  a  result  of  a  previous 
introduction  of  admixtures  to  the  medium.  If  the  metallic  elements 
capable  of  exerting  an  adsorptive  influence  enter  into  the  composition 
of  solid  alloy,  then  they  may  transfer  into  the  liquid  metal  as  a 
result  of  dissolution.  Being  surface  active  agents  they  ere  adsorbed 
along  the  sol  id- liquid  metal  interface  and  cause  a  decrease  in  its 
surface  tension.  This  causes  the  adsorptive  effects  to  become  more 
intense . 

i.  Influence  of  radiation 

The  radiation  of  metal  by  electrons,  y-quanta,  protons  or  neutrons 
affects  its  capacity  to  deform  in  the  liquid  metal  medium.  Under 
specific  conditions  the  radiation  significantly  intensifies  the 
liquid  metal  effect  [  243-248]  . 
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Fig.  92a  shows  the  curves  of  uniaxial  tension  at  a  constant  rate  of 
10%/min  for  zinc  single  crystals  coated  with  mercury.  After  amalgamation 
the  specimens  were  exposed  to  electron  radiation  in  a  special  apparatus 
containing  a  radioactive  sample  with  total  radioactivity  cf  100  Me. 

The  specimen  was  1  mm  in  diameter  and  the  mercury  coating  was  5  microns. 
After  irradiating  the  specimens  at  a  temperature  of  25°  C  tensile  tests 
also  under  irradiation  condition  were  carried  out.  Moreover  the  control 
soakings  of  the  amalgamated  specimens  were  conducted  and  subsequently 
tested  without  irradiation.  It  is  evident  from  Fig.  92a  that  the 
specimens  exposed  to  radiation  for  7  days  with  subsequent  tension 
under  p  -radiation  almost  lose  their  strength.  Their  fracture  occurs 
at  a  stress  of  about  20  g/mm^  with  significant  deformation.  The 
relative  elongation  was  1-1.5%.  The  test  specimens  also  undergo 
brittle  fracture  at  the  basal  plane  but  at  a  stress  greater  by 
a  factor  of  10.  Brief  pre-irradiation  (for  a  period  of  15  min)  causes 
strengthening  on  thi  initial  portion  of  the  deformation  curve  which  is 
associated  with  a  more  intensive  volume  diffusion  of  mercury  in 
zinc  under  the  irradiation  conditions 

Fig.  92b  shows  the  change  in  strength  of  the  amalgamated  and  non- 
amalgamated  zinc  single  crystals  as  a  function  of  the  duration  of  pre¬ 
irradiation  by  electrons.  The  difference  of  the  irradiation  effect  on 
the  strength  of  pure  specimens  and  specimens  coated  with  liquid  metal 
is  clearly  evident.  If  the  strength  of  the  pure  specimens  increases 
steadily  with  the  increase  of  exposure  then  the  strength  of  the 


amalgamated  specimens  increased  only  for  small  exposures  and  subsequently 
decreased.  With  an  exposure  of  about  two  days  the  strength  of  pure  zinc 
single  crystals  is  lower  than  that  of  the  amalgamated  ones  while  with 
longer  exposures  the  ratio  between  their  strength  becomes  the  opposite. 

An  abrupt  initial  increase  in  strength  is  due  apparently  to  the  increase 
in  the  rate  of  volume  diffusion  of  mercury  into  zinc  under  irradiation. 
With  longer  exposures  an  adsorptive  effect  of  mercury  becomes  controlling, 
which  apparently  is  precipitated  at  the  internal  surfaces  in  the  defect.-.ve 
places  of  the  crystalline  zinc  lattice  in  the  process  of  its  deformation. 

Another  factor  which  intensified  the  effect  of  mercury  on  the 
irradiated  material  is  the  formation  of  structural  defects  which  may  be 
serious  obstacles  on  the  path  of  crack  propagation.  Not  only  the 
phenomenon  of  intensive  decrease  in  metal  strength  as  a  result  of 
irradiation  and  liquid  metal  medium  is  observed  when  testing  zinc 
but  similar  effects  also  occurred,  i.e.  when  testing  tin  coated  with 
gallium. 

When  irradiating  single  crystal  specimens  with  a  directed  beam  of 
particles  an  anistropic  effect  of  irradiation  was  established.  It  was 
found  that  in  those  cases  when  the  beam  of  particles  is  directed 
perpendicular  to  the  basal  plane  of  zinc  a  significant  decrease  in 
specimen  ductility  occurs.  However  in  the  case  when  the  beam  is 
parallel  to  it  the  ductility  increases.  As  far  as  strength  is 
concerned,  it  is  lower  than  the  strength  of  the  amalgmated  specimens 
with  no  irradiation  in  both  cases.  However  the  strength  of  single 
crystals  which  were  irradiated  by  the  beam  directed  perpendicular  to 
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the  basal  plane  is  higher  than  the  strength  during  parallel  basal  plane 
of  beam  direction.  The  experiment  showed  that  anisotropic  irradiation 
is  more  pronounced  for  relatively  heavier  particles,  i.e.  this  effect 
is  greater  for  protons  than  for  electrons. 

The  dependence  of  irradiation  on  the  orientation  of  the  beam  with 
respect  to  the  crystal  lattice  is  associated  with  the  possibility  of 
the  preferred  transmission  of  the  momentum  of  an  impinging  particle 
along  a  dense  row  of  atoms  [  249~25l]  .  The  following  condition  should 
be  satisfied  in  these  rows:  the  ratio  of  the  distance  between  the 
atoms  to  their  diameter  should  be  less  than  two.  This  is  well  satisfied 
in  the  zinc  lattice  in  the  directions  ^1120  J,  |l21C)Jand  j"2110j  in 
the  basal  plane.  The  calculations  indicate  that  the  mean  energy  of  the 
displaced  zinc  atom  during  electron  and  proton  bombardment  with  the 
intensity  used  in  the  experiments  on  amalgamated  zinc  single  crystals 
was  substantially  higher  than  the  threshold  energy  of  displacement  [  248] 


Chapter  2  -  LONG-TERM  STRENGTH 


a.  General  mechanisms  of  failure  under  statically  applied  stress 

The  effect  of  liquid  metals  on  solids  is  observed  not  only  during 
short-term  mechanical  tests  but  also  under  the  conditions  of  long-term 
endurance  tests. 

Long-term  endurance  tests  of  single  crystal  specimens  in  a  liquid 
metal  medium  have  been  carried  out  for  relatively  short  test  (usually 
up  to  several  tens  of  an  hour).  The  time  dependence  of  the  mechanical 
strength  fin  a  single  and  polycrystalline  state)  in  an  inactive  medium  is 
well  described  as  shown  by  S.  N.  Zhurkov  and  co-authors  [  252-254]  by 
the  following  empirical  equation: 

bo-va 

t  =  T0e  kT  ,  (150) 

where  x  is  the  time  to  failure;  T  is  the  absolute  temperature; 

0  is  the  tensile  stress;  k  is  the  Boltzmann's  constant ]X0,U0  and  Y 
are  the  constants  of  a  given  material.  The  above  equation  indicates  that, 
at  a  constant  temperature,  the  time  required  to  fracture  of  a  metal 
specimen  increases  according  to  the  exponental  law  with  the  decrease 
of  a  statically  applied  stress.  The  experiments  carried  out  by  V.  1. 
Likhtman  and  co-authors  [  255,  256]  on  single  crystals  have  confirmed 
the  validity  of  equation  (150)  and  the  "structure  factor"  (  y  constant) 
was  found  to  be  dependent  on  the  orientation  of  single  crystal  with 
respect  to  the  tensile  stresses. 
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When  the  single  crystal  specimens  coated  with  a  liquid  metal  were 
tested  the  nature  of  their  change  in  strength  with  time  was  different. 

Fig.  93a  shows  the  results  of  an  investigation  at  temperatures  of 
20  and  50°  C  of  the  long-term  strength  of  zinc  monocrystals  with  an 
initial  orientation  of  basal  plane  .  x  «  50’ .  It  is  evident  from  the 
graph  that  if  in  an  air  medium  the  time  fir  failure  changes  with  the 
change  of  stress  then  the  specimens  coated  with  mercury  rupture  almost 
instantaneously  at  a  stress  close  to  the  yield  point  while  a  slight 
decrease  in  stress  leads  to  an  abrupt  increase  of  time  required  for 
failure.  Similar  results  were  obtained  when  testing  zinc  single 
crystals  with  a  thin  film  of  liquid  gallium.  In  this  case  there  is 
an  abrupt  change  in  the  strength  of  the  specimen  within  an  extremely 
narrow  interval  of  stresses.  There  is  practically  no  time  dependence 
of  the  mechanical  strength  in  this  range  rather  it  appears  as  a  threshold 
strength  as  shown  by  E.  D.  Shchukin  and  Z.  M.  Zanozina  [  7]  . 

The  fracture  behavior  of  polycrystalline  samples  of  certain  metals 
is  the  same  as  that  of  single  crystals.  For  example,  threshold  strength 
was  observed  in  long-term  endurance  tests  of  polycrystalline  zinc  coated 
with  mercury  (see  Fig.  93b)  and  polycrystalline  cadmium  coated  with 
gallium.  It  his  been  established  that  amalgamated  polycrystalline  zinc 
specimens  rupture  at  room  temperature  instantaneously  at  a  stress  of 
1  kg/mm^  whereas  under  a  stress  of  0.96  kg/rr.m^  they  remain  stable 
(extrapolated  by  data  of  tests  in  air  the  value  of  time  required  for 
failure  under  this  stress  is  about  10^  sec). 
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It  should  be  noted  that  threshold  stresses  are  about  the  same  as  the 


values  of  brittle  strength  obtained  during  tensile  test  at  a  constant 

strain  rate.  For  example,  in  polycrystalline  zinc  coated  with  mercury 
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the  threshold  stress  and  fracture  strength  are  about  1  kg/mm  . 

The  long-term  endurance  tests  which  showed  the  existence  of  a 
threshold  strength  were  usually  carried  out  without  testing  the  specimens 
at  stresses  significantly  lower  than  the  threshold  stress  since  the  time 
required  to  failure  in  this  case  is  extremely  long.  In  those  cases  when 
such  a  possibility  was  present  it  was  found  that  the  dependences  t  =--/(o) 
in  a  liquid  metal  and  in  air  coincide.  This  result  was  obtained  for 
example  when  'testing  cadmium  in  gallium  [255,  256]  and  St.  50  in  liquid 
Pb-Sri  alloy  at  a  temperature  of  400°  C  [257]  . 

However,  this  coincidence  of  graphs  of  long-term  strength  in  liquid 
metal  and  in  air  may  be  only  temporary  since  during  creep  tests  of 
those  same  materials  the  influence  of  the  liquid  metal  medium  accelerated 
the  pile-up  process  of  plastic  deformation  with  time  (see  Chapter  1). 

In  connection  with  the  fact  that  creep  and  long-term  strength  is  a  common 
process  [258]  ,  the  increase  of  creep  rate  should  inevitably  lead  to 

the  decrease  of  time  to  failure.  Therefore  for  sufficiently  long  tests 
(hundreds,  thousands  of  hours)  and  low  temperatures  the  time  dependence 
of  the  mechanical  strength  in  materials  developing  the  threshold  strength 
and  in  a  liquid  metal  medium  should  be  similar  to  the  dependence  in  air 
however  the  value  of  time  to  failure  will  be  lower  than  in  air. 
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Thus  the  decrease  In  long-term  strength  of  materials  under  the 
action  of  liquid  metal  medium  occurs  in  the  region  of  relatively  small 
stresses  and  large  values  of  time  to  failure. 

Numerous  investigations  of  strength  of  structural  materials  under 
statically  applied  load  and  high  temperature  showed  [  259-261  ]  that 
for  very  long  test  the  experimental  data  agree  well  with  the  power 
relationship  between  time  to  failure  and  the  applied  stress 

x  =  Ao'71 1  (151) 

where  A  and  n  are  the  constants  of  the  materials  independent  of  stress. 

Fig.  94  shows  the  diagrams  of  long-term  strength  for  different 
materials  tested  in  a  liquid  metal  medium  and  in  air.  Copper  type  M-l 
was  tested  for  long-term  strength  in  liquid  bismuth  and  in  air  at  a 
temperature  of  350°  C.  The  specimens  were  machined  on  a  lathe  made  from 
bars.  Tubular  specimens  were  used  with  an.  inside  diameter  of  10  mm, 
wall  thickness  of  0.5  mm  and  gauge  length  50  mm.  Liquid  metal  was 

poured  into  the  internal  cavity  of  the  specimen.  To  avoid  air  contact 
during  the  tests  the  interior  of  the  specimen  was  hermetically  sealed 
by  soldering  a  copper  plug  to  the  inlet.  Test  specimens  were  filled 
with  argon  and  a  plug  was  also  soldered  to  their  inlet.  Long-term 
strength  tests  were  carried  out  in  uniaxial  tension  on  the  UIM-5  device. 

The  temperature  was  maintained  constant  within  the  working  area  of  the 
specimen  and  the  liquid  metal  bath.  Thus,  the  testing  conditions  of  copper 
in  liquid  bismuth  were  statically  isothermal. 
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As  will  be  shown  in  Chapter  5  the  controlling  factor  in  the  effect 
of  liquid  bismuth  on  copper  will  be  adsorption. 

It  is  evident  from  Fig.  94a  that  under  the  action  of  liquid  metal 
copper  experienced  significant  reduction  in  long-term  strength.  For 
example  long-term  strength  in  liquid  bismuth  for  100  hours  is  lower 
than  in  air  by  about  a  factor  of  five.  W; th  the  increase  of  the  test  base 
the  difference  in  the  long-term  strength  becomes  steadily  greater. 

It  is  characteristic  that  the  power  relationship  of  long-term  strength 
is  valid  also  under  the  conditions  of  liquid  metal  effert. 

Fig.  94b  shows  the  results  of  long-term  strength  test  of  Armco-iron 
in  liquid  zinc  at  a  temperature  of  500°  C.  Machined  tubular  specimens 
were  used  as  in  the  case  of  copper  testing.  After  preparation  the 
specimens  were  subjected  to  annealing  in  a  vacuuum  furnace  (pressure  of 
about  10"/+  mm  Hg)  at  a  temperature  of  600°  for  two  hours.  The  liquid 
metal  was  in  the  internal  cavity  of  the  specimen,  which  was  hermetically 
sealed  by  welding  a  steel  plug  to  the  inlet.  Zinc  at  a  temperature  of 
500°  C  diffuses  into  iron  very  rapidly  [  118]  .  The  diffusion  factor 
(see  Chapter  5)  bears  the  main  respons’ M 1 i ty  for  the  reduction  of  long¬ 
term  strength  of  Armco-iron  in  zinc.  At  the  same  time  the  decrease  in 
long-term  strength  is  also  associated  with  the  action  of  corrosion  and 
adsorption  factors. 

It  follows  from  Fig.  94b  that  both  in  liquid  zinc  and  in  air  the 
long-term  strength  of  Armco-iron  is  characterized  by  a  decrease  in 
stress  with  an  increase  of  time  to  failure. 
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However,  the  level  of  long-term  strength  is  significantly  lower  in  liquid 
metal  than  in  air.  Long-term  strength  of  Armco-iron  in  liquid  zinc  for 
100  hrs  is  4.1  kg/mm^  and  in  air  9,8  kg/mm^.  The  difference  however 
in  the  time  to  failure  under  constant  stress  is  much  greater.  In  this 
case  the  extrapolated  values  were  compared  since  tests  in  liquid  metal 
and  in  air  were  carried  out  because  of  large  difference  in  long-term 
strength  in  these  media  under  various  stresses. 

Fig.  94c  shows  the  diagram  of  long-term  strength  of  EI612  (KM5N35V3T) 
steel  in  liquid  lithium  and  in  air  at  a  temperature  of  1000°  C.  The  steel 
was  studied  after  heat  treatment  consisting  of  quenching  in  water  from 
1180°  C  and  aging  at  780°  C  for  10  hrs  and  730°  C  for  25  hrs.  The 
specimens  were  machined  on  a  lathe  and  had  the  same  dimensions  as 
specimens  of  the  first  two  materials.  A  400  mm  long  tube  of  Khl8N10T 
steel  with  the  same  inside  dimensions  as  the  specimen  (Fig.  95)  was 
welded  to  the  upper  portion  of  the  specimens.  The  cavity  of  this 
elongated  specimen  was  filled  with  the  liquid  lithium  by  a  special 
filtration  apparatus  at  a  cemperature  close  to  the  melting  point  of 
litgiurr..  After  filling  ttie  specimen  a  thermocouple  pocket  was  placed 
into  the  tube  and  welded  to  it.  The  free  space  in  the  tube  above  the 
lithium  surface  was  filled  with  argon.  Thus,  the  possibility  of  a 
chemical  change  in  liquid  metal  composition  due  to  interaction  with  air 
was  eliminated.  During  long-term  strength  test  the  working  surfaces  of 
the  specimen  and  the  liquid  metal  were  maintained  at  a  constant  temperature. 
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The  temperature  of  the  tube  with  liquid  metal  was  lower  than  the  temperature 
of  the  working  surface  of  the  specimen  and  a  continuous  decrease  in  tem¬ 
perature  occurred  in  the  direction  from  the  specimen  to  the  upper  portion 
of  the  tube.  This  caused  a  convection  flow  of  liquid  metal  in  the  internal 
cavity  of  the  specimen  during  long-term  strength  test  an  i  the  material 
in  the  working  surface  was  subject-  '  to  continuous  dissolution  due  to 
the  thermal  mass  transfer  process  in  the  conditions  described  (see  Chapter 
2).  The  test  was  carried  out  on  devices  manufactured  by  the  Krasnodar 
Machine  Shop  for  which  special  hollow  upper  grips  allowing  an  elongation 
tube  to  be  placed  inside  them  weie  prepared  (see  Fig.  95). 

In  all  experiments  a  constant  temperature  difference  of  500°  C  was 
maintained  between  the  hot  and  cold  zones  (working  portion  of  the  specimen 
and  upper  portion  of  the  tube  respectively).  The  method  of  long- tern 
strength  test  in  a  convection  flow  of  liquid  metal  is  described  in 
Refs.  [80,  262]  . 

In  conformance  with  the  above  the  controlling  factor  during  impact 
of  the  solid  metal  in  a  convection  flow  of  a  liquid  metal  is  corrosion 
caused  by  thermal  mass  transfer.  It  Is  evident  from  Fig.  94c  that 
under  these  test  conditions  the  reduction  in  the  material  strength 
occurs.  EI612  steel  experiences  a  regular  reduction  in  strength  with 
the  increase  of  long-term  strength  test  in  liquid  lithium. 

Thus,  in  the  region  of  low  stresses  and  long  test  in  liquid  metal, 
as  In  the  Inactive  medium,  the  power  relationship  between  the  time  to 
failure  and  applied  stress  was  observed  (Fig.  94). 
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This  fact  is  of  a  significant  practical  value  since  it  enables  one  to 
carry  out  the  extrapolation  for  determining  the  auxiliary  properties 
of  materials  designated  for  l.ng- term  exploitation.  The  power  law 
of  long-term  strength  enables  one  to  write  the  following  expression 
for  coefficient  of  time  reduction  to  failure  in  liquid  metal  K  which 
is  equal  to  the  ratio  of  time  to  failure  in  the  liquid  nl  medium  to 
time  to  failure  in  air  under  similar  stress  and  constant  temperature: 


Kx  = 


A 


(152) 


where  symbols  with  index  «k»  refer  to  experimental  results  in  liquid 
metal  and  symbols  without  indices  refer  to  the  results  of  testing  in  air. 

Another  coefficient  equal  to  the  ratio  of  long-term  strength  in  the 
liquid  metal  medium  and  in  air  with  similar  test  duration  and  constant 
temperature  can  be  used  for  liquid  metal  effect.  In  conformance  with 
power  relationship  (151)  the  expression  for  this  coefficient  has  the 
following  form 


h'a  = 


Al/n 


Ain-iln.. 


(153) 


Based  on  equations  (152)  and  (153)  the  dependence  of  the  first  coefficient 
on  stress  and  of  second  on  time  in  logarithmic  coordinates  is  expressed 
by  the  straight  line.  This  is  convenient  for  comparing  the  intensity  of  the 
effect  under  long-term  strength  conditions  of  different  liquid  metals  on 
any  solid  metal  or  for  comparing  the  resistance  of  different  solid  metals 
to  the  effect  of  the  same  molten  metal. 
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Failure  in  liquid  metal  under  a  statically  applied  load  occurs  not 
only  prematurely  but  also  with  lower  ductility.  Table  44  shows  the 
values  of  relative  elongation  during  failure  of  copper  specimens, 
Armco-iron  and  EI612  steel.  Fig.  94  shows  the  diagrams  of  long-term 
strength  of  these  specimens.  The  data  in  Table  44  indicate  that  for 
all  three  materials  the  failurein  liquid  metal  o  .ars  at  lower  relative 
elongation  than  in  air.  For  example,  copper  specimens  when  tested  in 
air  usually  pile  up  several  percent  of  dislocations  during  failure 
whereas  the  failure  in  liquid  bismuth  occur  at  relative  elongation  of 
0.15-0.28%.  It  should  be  noted  that  the  values  of  relative  elongation 
should  be  compared  to  materials  tested  in  air  and  in  liquid  metal  for 
the  same  duration  since  with  the  increase  of  time  to  failure  the 
ductility  usually  drops  due  to  the  process  itself  of  long-term  strength 
and  intensification  of  the  liquid  metal  effect  during  long  soakings. 

A  characteristic  feature  of  delayed  failure  of  solid  metals  in  a 
liquid  metal  medium  is  an  intercrystalline  propagation  of  cracks. 

It  should  be  noted  that  not  only  the  crack  which  divided  the  specimen 
Into  two  parts  is  propagated  at  the  grain  boundaries  but  also  other 
less  developed  cracks.  Intercrystalline  failure  of  the  material  in 
liquid  metal  medium  occurs  also  in  the  case  when  the  material  in  the 
inactive  medium  fails  only  at  the  grain. 

A  regular  reduction  of  strength  of  materials  with  the  increase  of 
t^st  duration  In  liquid  metal  which  occurs  with  more  intensity  than 
in  air  was  observed  by  many  investigators. 
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For  example,  in  Ref.  [200]  the  reduction  of  long-term  strength  of 
nickel  base  alloy  type  EI4374  in  liquid  bismuth  and  eutectic  Pb-Bi  at 
a  temperature  of  700°  C  was  described.  In  Refs.  [263,  264]  data  are 
given  on  the  premature  failure  of  brass  in  liquid  mercury.  Ref.  [265] 
shows  the  decrease  of  long-term  strength  of  copper  and  brass  in  liquid 
tin  and  solders. 

Thus,  the  above  described  influence  of  liquid  metal  on  the  time 
dependence  of  solid  metal  strength  under  small  stresses  and  large 
values  of  time  to  failure  has  a  general  nature  and  is  observed  when 
testing  different  solid-liquid  metal  couples.  However,  one  should  not 
assume  that  this  influence  occurs  in  any  liquid  metal  during  test  of 
long  duration.  For  example,  there  was  no  influence  of  liquid  sodium 
on  the  long  term  strength  of  chromium  nickel  austenitic  steels  type  18-8 
when  tested  in  static  isothermal  conditions  at  temperatures  of  540-700°  C 
[34,  266,  267],  The  long-term  strength  of  St.  50  under  the  action  of 
Pb-Bi  eutectic  at  a  temperature  of  400°  C  and  Pb-Sn  eutectic  at  500°  C 
did  not  change  [221].  Consequently,  during  long-term  strength  test 
and  short  duration  tensile  tests,  the  action  of  the  liquid  metal  is 
sele  Ive. 

Thus,  under  the  action  of  liquid  metals  the  time  dependence  of 
the  strength  of  the  solid  metals  changes  firstly  in  the  region  of 
high  stresses  and  small  values  of  time  to  failure  on  account  of  which 
the  threshold  strength  appears,  and  secondly  in  the  region  of  small 
stresses  and  small  values  of  time  to  failure  where  the  nature  of 
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correlation  between  stress  and  time  to  failure  will  retain  its  power  law 
as  in  the  inactive  medium.  However,  failure  under  these  stresses  occurs 
for  relatively  shorter  time  intervals.  The  long-term  strength,  in  the 
usual  understanding  of  this  effect,  is  substantially  the  second  region. 
Therefore  when  speaking  about  the  influence  of  liquid  metals  on  solids 
under  the  conditions  of  long-term  strength  test  we  will  bear  this 
region  in  mind. 

b.  Influence  of  temperature 

The  degree  of  liquid  metal  effect  on  solids  under  the  conditions  of 
long-term  strength  test  depends  significantly  on  the  temperature 

Fig.  96a  shows  the  results  of  long-term  strength  test  for  copper 
type  M-l  in  air  and  in  liquid  bismuth  at  different  temperatures. 

Machined  tubular  specimens  with  inside  diameter  of  10  mm,  wal l 
thickness  of  0.5  mm  and  50  mm  long  were  tested.  Before  filling  them 
with  the  liquid  metal  the  specimens  were  subjected  to  annealing  at 
600°  C  for  2  hrs  in  a  vacuum  at  a  pressure  of  about  10***  mm  Hg. 

Long-term  strength  tests  were  carried  out  under  static  isothermal 
conditions  by  the  method  stated  in  Chapter  l. 

Usually  the  relationship  between  temperature  and  time  to  failure 
under  constant  stress  in  an  inactive  medium  is  described  by  the 
following  equation  [252-254,  268,  449] 
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(154) 


T  =  B-6RT  , 

where  T  is  the  absolute  temperature;  Q  is  the  activation  energy 
of  the  failure  process  under  the  conditions  of  long-term  strength; 

B  is  the  constant  of  the  material  which  is  independent  of  the 
temperature. 

In  order  to  explain  whether  relationship  (154)  is  observed  during 

the  liquid  metal  effect  on  solid  metals,  copper  specimens  were  tested 
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at  all  temperatures  under  a  constant  stress  of  4  kg/mm  .  It  is  evident 
from  Fig.  96a.  that  experimental  data  fall  on  a  straight  line  in 
coordinates  "logarithm  of  time  to  failure  -  inversion  temperature". 
Consequently,  with  liquid  metal  effect  being  of  an  adsorptive  nature 
the  exponential  relationship  (154)  is  observed. 

Fig.  96a  also  shows  the  relationship  of  long  term  strength  of 
copper  in  air  .  It  Is  evident  that  at  identical  temperatures  the 
time  to  failure  of  copper  in  liquid  bismuth  is  lower  than  in  air. 

It  is  also  characteristic  that  the  relative  difference  between  the 
values  of  time  to  failure  in  air  and  in  the  liquid  metal  is  increased 
with  the  drop  in  temperature.  The  different  slope  of  the  lines 
corresponding  to  the  tests  in  air  and  in  bismuth  indicates  the 
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difference  of  values  of  activation  energy  of  the  failure  process  in  an 
inactive  medium  and  in  the  liquid  metal.  The  calculation  indicates 
that  the  activation  energy  of  copper  failure  at  a  stress  of  4  kg/mr.i^ 
is  39.8  kcal/g*atori  in  air,  and  23.4  kcal/g«atom  in  bismuth. 

Thus,  the  adsorptive-active  liquid  metal  causes  the  decrease  of 
activation  energy  of  failure  of  a  solid  metal  under  the  conditions 
of  long-term  endurance  tests. 

Fig.  96b  shows  the  temperature  dependences  of  long-term  strength 
of  Armco-iron  in  liquid  zinc  and  in  air.  The  iron  was  tested  in  zinc 
(in  the  same  manner  as  copper  in  bismuth)  under  static  isothermal 
conditions.  The  specimens  were  annealed  at  a  temperature  of  600°  C 
for  2  hrs  in  a  vacuum  at  a  pressure  of  about  10“^  mm  Hg.  The  long-term 
endurance  test  was  carried  out  at  a  stress  of  7  kg/mm^.  Time  for  fracture 
of  Armco-iron  in  air  under  that  same  'stress  and  different  temperatures 
could  not  be  determinec  experimentally  for  a  sufficiently  large  range 
of  temperatures  and  therefore  were  obtained  by  calculation  with  lg  cr  —  ’g  t 
dependences  for  a  temperature  of  400  and  500°  C.  A  method,  stated  in 
reference  [269],  was  used  for  the  calculation  in  conformance  with  which 
an  empirical  generalization  of  the  long-term  strength  equation  has  the 
following  form 

Xs=0Y+-STe-*+TrF  (155) 

where  a,  f),  y  and  <p  are  constants  of  the  material.  They  ^.te 
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associated  with  the  constants  in  equation  (151)  by  the  following 
relationships 


A  =  e 


(156 


n  = 


a 

RT 


y- 


(157) 


Based  on  the  experimental  data  on  long-term  strength  of  Armco-ircn 
at  400  and  500°  C  it  was  found  that  the  generalized  equation  for  this 
material  cc.n  be  written  in  the  following  form 


r  =  a-^-2.12.  ioy«re-8;.o  hms-  ioy«r 


( 158) 


A  temperature  dependence  of  long-term  strength  of  Armco-iron  at  a 
2 

stress  of  7  kg/mm  was  plotted  in  Fig.  96b  in  accordance  with  equation 
(158).  It  is  evident  from  the  graph  that  the  exponential  relationship 
'between  time  to  failure  and  inversion  temperature,  which  is  valid  when 
testing  Armco-iron  in  an  inactive  medium,  was  not  observed  in  the 
case  of  liquid  zinc  effect. 

Fig.  96b  indicates  that  at  a  constant  stress  the  difference  in 
values  of  time  for  fracture  of  Armco-iron  in  air  and  in  zinc  increases 
with  the  decrease  in  temperature.  This  peculariaty  of  liquid  metal 
effect  is  associated  with  the  controlling  role  of  the  diffusion  factor. 
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Since  with  the  increase  of  time  the  depth  of  the  solid  metal  layer 
under  the  diffusive  effect  of  the  medium  increases  relatively  more 
rapidly  than  with  the  increase  of  temperature,  then  this  explains 
the  deviation  from  the  exponential  law  of  the  long-term  strength  and 
the  increase  of  the  liquid  metal  effect  with  the  decrease  in  tempera¬ 
ture,  A  more  detailed  change  in  the  temperature  dependence  of  long-term 
strength  of  the  metal  caused  by  the  influence  of  diffusion  factor  was 
discussed  in  Chapter  5. 

Fig.  97  shows  the  diagrams  of  long-term  strength  of  E1827  nickel-base 
alloy  at  temperatures  of  600,  750,  800  and  900°  C  in  liquid  sodium  and 
in  air.  The  tests  in  sodium  were  carried  out  by  the  same  method  as  for  the 
EI612  steel  in  lithium  (see  Chapter  2).  The  effect  of  liquid  metal  in 
this  case  was  caused  by  a  corrosive  process  -  thermal  mass  transfer. 

The  results  of  static  isothermal  tests  carried  out  in  sodium  at  a 
temperature  of  750°  C  confirm  the  absence  of  an  adsorptive  and 
diffusive  influence  of  the  medium  (see  Fig.  97).  The  corrosive 
influence  of  sodium  on  E1827  alloy  appears,  as  is  evident  from  Fig.  97, 
at  temperatures  higher  than  600°  C.  The  nature  of  liquid  metal  effect 
is  the  same  for  all  temperatures;  the  reduction  of  long-term  strength 
of  alloy  occurs  in  all  cases  during  which  the  magnitude  of  relative 
decrease  becomes  larger  with  the  increase  of  time  to  failure.  The 
influence  of  liquid  sodium  on  the  alloy  is  greater  the  higher  the 
temperature.  This  is  evident  from  Fig.  98  which  shows  the  dependence 
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of  the  coefficient  of  decrease  of  long-term  strength  [see  equation  (153)] 
on  the  temperature. 

Table  45  shows  the  values  of  long-term  strength  for  E1612  alloy  in 
air  and  in  lithium  at  temperatures  of  700  anci  1000°  C.  Tests  in  a 
liquid  metal  were  carried  out  under  the  conditions  of  thermal  mass 
transfer.  It  follows  from  the  Table  that  the  liquid  metal  causes  a 
decrease  in  long-term  strength  of  E1612  alloy  for  both  temperatures 
but  at  1000°  C  its  degree  of  influence  is  greater. 

Although  from  the  comparison  of  the  coefficient  of  the  decrease  of 
long-term  strength  for  EI827  alloy  and  £1612  steel  under  various  tempe¬ 
ratures  it  is  concluded  that  the  corrosive  effect  of  the  liquid  metal 
is  intensified  with  the  increase  in  temperature,  however,  if  the  tests 
were  carried  out  under  similar  stresses  and  the  values  of  time  to 
failure  were  compared  with  various  temperature:-  then  the  result  would 
have  been  the  opposite.  This  can  be  verified  by  examining  the  position 
of  *•  e  line  in  Fig.  97. 

Thus,  the  adsorptive,  corrosive  and  diffusive  effect  of  liquid 
metal  on  a  solid  tested  for  a  long-term  strength  is  characterized  by  a 
general  rule  consisting  of  the  increase  of  effect  with  the  decrease  in 
temperature  when  comparing  the  data  for  specimens  tested  under  a 
similar  stress. 
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3.  Influence  of  the  initial  level  of  long-term  strength 


The  magnitude  of  liquid  metal  effect  on  a  solid  during  both  long-term 
endurance  tests  and  short  mechanical  tests  depends  on  the  initial  level 
of  strength  of  the  solid  metal.  For  evaluating  the  influence  of  this 
factor  long-term  endurance  tests  were  carried  out  in  convection  flow 
of  liquid  bismuth  specimens  made  from  several  austenitic  chromium  nickel 
steels  having  different  levels  of  long-term  strength  in  air  at  this 
temperature.  The  test  was  carried  out  on  steels  of  following  types: 
KhlSNIGT,  Khl6N16M3B,  Khl6N16M3BS2,  Kh20Nl2S2,  Khl4N18V2B,  Khl5N35V3T 
and  Kh20N25M3V6B. 

All  specimens  were  tested  in  liquid  metal  under  a  stress  of  14  kg/mm' 

and  at  a  temperature  of  700°  C,  the  drop  in  temperature  according  to  the 

height  of  the  column  of  liquid  metal  was  about  400°  C.  The  time  to 

failure  was  determined.  Subsequently  the  long-term  strength  corresponding 

to  the  magnitude  of  time  for  failure  in  liquid  bismuth  at  a  stress  of 
2 

14  kg/mm  was  calculated  by  the  diagram  of  long-term  strength  obtained 
experimentally  for  each  material  in  air  at  700°  C.  After  this  the  ratio 
of  long-term  strength  in  bismuth  V 14  kg/mm  )  to  the  strength  in  air 
was  given  as  the  degree  of  influence  of  the  liquid  metal  medium. 

Fig.  99  shows  the  dependence  of  the  indicated  ratio  on  the  long-term 
strength  of  material  in  air.  It  is  evident  from  the  Fig.  that  the  effect 
of  liquid  bismuth  on  the  material  increases  with  the  increase  of  its 
initial  strength.  Thus,  under  the  action  of  thermal  mass  transfer  the 
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degree  of  decrease  in  long-term  strength  of  the  solid  metal  is  greater 
the  higher  its  long-term  strength  in  the  inactive  medium. 

d.  Influence  of  the  scale  factor 

The  influence  of  scale  factor  on  the  liquid  metal  effect  was  inves¬ 
tigated  by  testing  the  long-term  strength  of  tubular  specimens  with 
different  wall  thicknesses.  The  test  was  carried  out  for  a  EI869 
nickel  alloy  at  a  temperature  of  750°  C.  All  specimens  were  made  of 
this  alloy  with  an  internal  diameter  of  10  mm  and  a  wall  thickness  of 
0.12;  0.25;  0.5;  0.75;  1.0;  1.5;  and  2.0  mm.  The  tests  were  carried 
out  in  liquid  sodium  under  the  conditions  of  thermal  mass  transfer 
caused  by  the  drop  of  temperature  in  the  specimen  (see  Fig.  95)  from 
750°  C  in  the  working  portion  to  the  upper  portion  of  the  liquid  metal 
column.  Since  the  scale  factor  during  long-term  endurance  test  of 
material  in  the  inactive  medium  also  appears  as  t  e  dependence  of  time 
to  failure  on  the  cross-sec  Jona*  dimension  of  the  specimen  [270], 
similar  specimens  were  tested  also  in  air.  The  internal  cavity  of 
these  specimens  was  filled  with  argon  prior  to  testing  and  hermetically 
sealed  by  welding  e  plug  to  the  inlet. 

The  test  in  liquid  metal  and  in  air  was  carried  out  under  the  same 
tensile  stress  of  ;0  kg/mm  .  The  values  of  time  to  failure  obrained 
in  these  experiments  are  presented  in  Fig.  100a  as  a  function  of  the 
wall  thickness  of  the  specimen.  It  is  evident  that  the  lifetime  of 
the  specimens  decreases  with  the  decreases  of  its  wall  thickness. 
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This  conformity  applies  to  tests  in  sodium  and  in  air.  However,  in 
liquid  metal  the  time  for  failure  within  the  examined  range  of  change 
in  wall  thickness,  with  the  exception  of  extreme  values,  is  lower 
than  in  air. 

Fig.  100b  shows  the  ratio  of  time  to  failure  of  the  specimens  in 
sodium  to  time  to  failure  in  air  as  a  function  of  the  wall  thickness. 

It  is  evident  that  this  ratio  has  a  minimum  value  with  wall  thickness 
of  0.5  mm  and  increases  with  larger  and  smaller  thicknesses.  Thus, 
the  influence  of  liquid  sodium  due  to  thermal  mass  transfer  process 
is  exerted  on  the  long-term  strength  of  EI869  alloy  only  within  a 
limited  range  of  change  of  the  specimen's  wall  thickness:  from  C.15 
to  2.0-2. 5  mm.  It  should  be  noted  that  the  degree  of  influence  of 
liquid  sodium  is  extremely  high.  Thus,  the  maximum  value  of  the  effect 
is  867.  at  a  wall  thickness  of  0.5  mm  and  is  within  the  A0-867.  range 
during  its  change  from  0.25  to  1.6  mm. 

In  addition  to  the  influence  on  time  required  for  failure  the 
scale  factor  also  affects  the  relative  elongation  of  the  specimen 
during  fracture.  Table  46  includes  the  corresponding  values  of 
elongations  of  specimens  for  various  wall  thicknesses  tested  in 
sodium  and  in  air.  Although  all  the  specimens  bad  a  working  area  100  nun 
long,  their  elongations  are  comparable  since  they  correspond  to  uniform 
deformation  of  the  specimen.  This  is  self-evident  from  examining  the 
absolute  values  of  elongations  which  are  sufficiently  low  and  only  in 
one  specimen  exceed  w7.. 
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Tata  in  Table  46  shows  that  despite  the  usual  scatter  of  values 
for  this  curve,  the  relative  elongation  as  well  as  time  for  failure 
decreases  with  the  decrease  of  the  wall  thickness  of  the  tubular 
specimen.  For  all  wall  thicknesses  within  the  range  of  0.25-2  mm 
the  relative  elongation  of  the  alloy  in  liquid  sodium  is  lower  than 
in  air  and  thus  the  region  where  the  effect  of  liquid  rnetal  environment 
appears,  which  is  determined  by  this  curve,  coincides  with  the  region 
for  the  effect  determined  by  the  value  of  time  required  for  failure. 

e.  Influence  of  grain  size 

The  influence  of  the  grain  size  on  the  long-term  strength  of  the 
material  can  be  considered  in  conjunction  with  the  effect  of  scale 
factor,  since  it  has  been  indicated  in  Ref.  [ 2 70]  that  the  scale 
effect  is  determined  by  the  ratio  of  average  grain  diameter  to  the 
linear  cross-sectional  dimension  of  the  working  area  of  the  specimen. 
Consequently,  the  change  in  grain  diameter  with  constant  specimen 
dimension  leads  to  the  change  of  the  indicated  ratio,  and  this  in  turn, 
affects  the  long-term  strength  of  the  material. 

Fig.  101  shows  the  diagram  of  the  long-term  strength  of  LS59-1  brass 
in  liquid  mercury  and  in  air  at  room  temperature  [255],  Microspecimens 
with  a  cylindrical  working  area  of  1  ram  in  diameter  and  5  mm  long  were 
investigated.  After  the  preparation  the  specimens  were  annealed  in  order 
to  remove  cold-hardening.  The  annealing  was  carried  out  in  a  vacuum 
furnace  for  2  hrs  at  a  temperature  of  300°  C. 
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The  specimens  with  the  following  three  average  grain  diameters  were  tested: 
50,  220  and  280  mm.  The  surface  of  the  specimens  was  coated  with  mercury 
by  immersing  them  into  a  saturated  solution  of  mercury  nitrate.  It  is 
evident  from  Fig.  101  that  the  long-term  strength  of  brass  decreases 
with  the  increase  of  grain  diameter  in  air  and  in  mercury. 

Consequently,  the  conformity  that  a  change  in  long-term  strength 
occurs  with  the  change  of  the  ratio  of  grain  diameter  to  the  cross- 
sectional  dimension  of  the  specimen  noted  in  Ref.  [270]  was  also 
observed  in  these  experiments.  It  is  also  evident  from  the  Fig. 
that  for  all  values  of  grain  size  the  long-term  strength  of  brass 
in  mercury  is  lower  than  in  air.  With  the  increase  of  grain  diameter 
the  effect  of  mercury  increases.  Thus,  the  ratio  of  long-term  strength 
in  mercury  and  in  air  on  the  basis  of  5  x  10^  sec  is  52%  at  a  grain 
diameter  of  50  microns,  50%  at  a  diameter  of  220  microns  and  49%  at 
a  diameter  of  280  microns. 

A  limited  range  of  grain  diameter  values  was  used  in  Ref.  [225] 
and  based  on  the  data  obtained  general  conclusions  cannot  be  made. 

In  authors'  opinion  it  is  possible  that  also  under  those  experimental 
conditions  when  the  controlling  factor  was  the  diffusion  action,  for 
a  sufficiently  large  range  of  grain  diameters,  the  conformity  similar 
to  the  one  presented  in  Fig  100  appeared. 


f.  The  influence  of  chemical  composition  of  liquid  metal 


The  degree  of  liquid  metal  effect  on  the  solid  during  long-term 
endurance  test  depends  on  the  chemical  composition  of  the  liquid  metal. 

The  presence  of  other  metal  components  in  it  may  intensify  or  weaken 
the  effect.  These  changes  may  be  associated  with  the  change  in  the 
interphase  surface  energy  of  solid- liquid  metal  interface.  For  example, 
an  addition  of  bismuth  into  liquid  lead  causes  a  decrease  in  the  free  energy 
of  its  boundary  with  solid  copper.  Consequently,  during  the  long-term 
endurance  tests  of  copper  in  lead  alloys  with  bismuth  the  time  for  failure 
increases  steadily  under  constant  stress  when  changing  the  composition  of 
alloys  from  the  predominant  bismuth-content  to  the  predominant  lead-content 
(see  Fig,  137a). 

The  influence  on  the  long-term  strength  of  the  solid  metal  in  liquid 

is  alco  exerted  by  the  non-metaliic  admixtures  in  the  latter.  One  of 

the  admixtures,  intensifying  the  corrosion  action  of  certain  liquid  metals, 

is  oxygen.  Fig.  102  shows  the  diagram  of  the  long-term  strength  of  E1765 

nickel-oase  alloy  in  air  and  in  sodium  with  pure  and  highly  contaminated 

oxygen.  It  is  evident  from  the  Fig.  that  the  alloy  has  the  same  long-term 

strength  in  air  and  in  pure  sodium.  The  contamination  of  liquid  metal  by 

oxygen  causes  an  abrupt  decrease  in  long-term  strength  of  the  alloy. 

Thus,  for  example,  the  long-term  strength  of  EI765  alloy  exposed  for 

100  hrs  in  air  and  in  pure  sodium  is  20  kg/mm2,  and  in  contaminated 

2 

sodium  it  is  only  8  kg/mm  . 
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The  decrease  in  long-term  strength  due  to  oxygen-content  in  sodium 
was  also  established  when  testing  EI869  nickel  alloy  at  a  temperature 
of  750°,  EI851  steel  at  700°  and  Kh2M  steel  at  593°  C  [ 27l]  (see  also 
Chapter  5).  In  contrast  to  these  experiments,  S.  T.  Kishkin  and 
G.  P.  Benediktova  observed  an  increase  in  long-term  strength  of 
EI437A  and  EI617  alloys  at  a  temperature  of  1000°  C  and  lKhl8N9T 
steel  at  900°  C  in  an  unpuiified  liquid  sodium  with  carbon  when 
compar:d  to  long-term  strength  in  air  [272-274],  Fig.  103a  shows 
•■'..e  experimental  results  for  EI617  alloy.  It  is  evident  that  for  all 
the  values  of  stress,  the  time  for  failure  of  the  specimens  in  sodium 
is  higher  than  in  air.  Consequently,  the  long-term  strength  of  the 
alloy  after  100  hrs  in  an  unpurified  sodium  exceeds  the  corresponding 
strength  in  air  by  a  factor  of  two. 

The  tests  of  EI617  alloy  in  pure  sodium  indicated  that  the  time 
dependence  of  strength  coincides  in  this  case  with  the  one  obtained  in 
air.  Metal lographic  analysis  of  fractured  specimens  revealed 
the  presence  of  a  diffusion  zone,  the  hardness  of  which  is 
higher  than  the  hardness  of  the  starting  material,  at  their  surfaces 
on  the  side  of  the  unpurified  sodium.  X-ray  analysis  of  precipitations, 
electrolytically  isolated  from  the  surface  layers  of  EI617  alloy,  which 
is  in  contact  with  sodium  for  25  hrs  has  been  carried  out.  It  has  been 
established  that  f'*e23^(,  carbides  and  titanium  nitride  were  formed  in  the 
surface  layer.  The  presence  of  these  phases  in  alloy  leads  to  its 
strengthening  and  to  the  decrease  of  the  plastic  deformation  capability 
(decrease  of  creep  rate). 
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After  identical  time  intervals,  the  specimen  tested  in  contaminated 

sodium  has  a  lower  relative  elongation  than  the  specimen  tested  in  air 

with  the  same  initial  stress.  This  difference  in  relative  a tion 

remains  for  the  entire  test  up  to  the  fracture  of  the  specimen. 

Fig.  103b  shows  a  significant  decrease  in  relative  elongation  during 

fracture  of  the  specimens  in  an  unpurified  sodium.  Thus,  if  the 

specimens  of  EI617  alloy  in  air  are  fractured  at  an  elongation  from 

40  to  almost  80%,  then  in  sodium  they  fracture  at  15-20%.  As  a  result 

of  a  significant  creep  rate  of  the  specimens  in  air,  followed  by 

"k 

necking-down,  their  long-term  endurance  test  occurs  at  an  abrupt 
increase  of  true  stress  with  time.  According  to  calculations  presented 
in  Ref.  [272],  during  fracture  the  true  stress  in  specimens  of  EI617 
alloy  exceeds  the  initial  by  more  than  a  factor  of  two.  In  contrast 
to  the  specimens  tested  in  air  in  contact  with  unpurified  sodium,  they 
are  deformed  less  and  consequently  the  increase  in  true  stress  is 
smaller.  This  increase  at  the  end  of  testing  (100  hrs)  is  only  25% 
of  the  initial  stress. 

Thus,  the  presence  of  carbon  and  apparently  nitrogen  in  sodium 
leads  to  the  formation  of  a  diffusion  layer  on  the  surface  of  the 
material  causing  the  increase  in  long-term  strength  due  to  a  less 
intensive  increase  of  true  stresses  with  time. 

*The  test  was  carried  out  under  constant  load. 


67 


The  indicated  admixtures  in  sodium  were  formed  from  organic  substances 
(kerosene,  oil,  etc.)  in  which  sodium  was  stored  and  from  which  it  was 
not  purified  [272-274],  According  to  the  opinion  of  the  authors,  the 
increase  in  strength  of  the  materials  in  an  unpurified  sodium  during 
brief  tests  [272,  273]  will  not  occur  in  tests  of  long-duration,  if 
the  material  abruptly  loses  the  ductility.  The  strengthening  of 
nickel  alloy  dees  not  occur  with  a  test  duration  of  about  500  hrs  [274], 

g.  Influence  of  chemical  composition  of  the  solid  metal 

The  effect  of  liquid  metal  on  a  solid  metal  during  long-term 
endurance  test  depends  substantially  not  only  on  the  chemical  compo¬ 
sition  of  liquid  metal  but  also  on  the  composition  of  the  solid  metal. 

In  many  cases  a  noticeable  increase  or  weakening  of  the  effect  in 
comparison  with  the  influence  on  ^ure  metal  might  be  expected  even 
at  relatively  low  content  of  a  secondary  component  in  alloy. 

This  influence  of  alloy  may  be  observed,  for  example,  in  the  decisive 
role  of  the  corrosion  process,  which  occurs  at  the  grain  boundaries, 

If  the  presence  of  the  secondary  component  substantially  changed 
the  rate  of  this  process.  In  the  case  of  the  mixed  diffusion-adsorption 
action  a  small  content  of  alloy  component  may  exert  a  significant 
influence  on  the  effect,  if  this  component  is  horophilic  and  the 
liquid  metal  diffuses  mainly  at  the  grain  boundaries  with  diffusion 
rste  as  function  of  alloy  content. 
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The  adsorption  action  of  liquid  metal  may  originate  or  be  intensified 
in  the  case  of  a  small  amount  of  any  alloying  element  which  penetrates 
into  a  liquid  metal  solution  due  to  the  dissolution  of  basic  alloy 
components  and  after  being  adsorbed  at  the  surface  of  the  solid  alloy 
is  capable  of  significantly  changing  the  magnitude  of  the  surface 
interphase  energy  of  the  solid-liquid  metal  interface.  From  the 
processes  indicated  the  latter  apparently  played  the  decisive  role  in 
decreasing  the  long-term  strength  of  E1437B  alloy  at  a  temperature  of 
800°  C  in  liquid  sodium  under  static  isothermal  conditions  [275]  since 
other  nickel-base  alloys  (E1869,  EI765,  EI827)  with  the  same  oxygen 
content  in  sodium  and  at  similar  temperature  (750°  C)  did  not  decrease 
the  long-term  strength  [276], 

It  is  quite  natural  that  the  influence  on  long-term  strength  of  a 
solid  metal  in  a  liquid  metal  medium  is  exerted  not  only  by  small 
alloying  additions  but  also  by  large  additions.  In  this  case  their 
influence  mechanisms  may  be  different.  For  example,  selective 
corrosion  can  play  a  significant  role  in  breaking  the  stressed 
material.  Fig.  1C**  shows  the  dependence  of  ratio  of  long-term 
strength  of  brass  in  liquid  tin  and  in  air  on  the  zinc-content  at 
a  temperature  of  2^0°  C  plotted  according  to  data  in  Ref.  [265]. 

It  is  evident  that  this  ratio  characterizing  the  degree  or  interaction 
of  liquid  metal  practically  does  not  change  with  the  increase  of  zinc 
concentration  ir.  brass  up  to  18Z.  Further  increase  of  its  content 
intensifies  the  influence  of  tin  on  brass. 
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Thus,  if  the  influence  coefficient  of  tin  on  pure  copper  is  0,56  while 
on  brass  containing  187,  zinc  is  about  0.51  then  on  brass  with  387  it 
is  only  0.21,  This  influence  of  the  secondary  component  indicates  the 
decisive  role  of  the  corrosion  factor  in  the  influence  of  tin  on' 
brass,  since  the  solubility  of  zinc  in  liquid  tin  at  240°  C  is  about 
107,  by  wt.,  and  the  solubility  of  copper  in  tin  is  less  than  17  by  wt. 

[H9]. 

Chapter  3  -  CREEP 

a.  General  principles  of  creep  of  solid  metals  in  a  liquid  metal  environment 

In  many  instances  a  liquid  metal  medium  exerts  an  influence  on  the 
creep  process  of  solid  metals  under  constant  stress.  This  influence 
involves  the  easing  of  the  deformation  process  and  increase  of  the  creep 
rate  in  the  liquid  metal  as  compared  with  the  Inactive  medium  for 
Identical  stress  in  both  experiments.  It  has  been  established  that 
solid  metal  experience  the  action  of  a  liquid  metal  medium  under 
creep  conditions,  being  both  in  a  single-  and  polycrystalline  state. 

Creep  tests  of  single  crystals  in  a  liquid  metal  were  first  carried 
out  by  V.  I.  Likhtman,V.  A.  Labzin,  N.  V.  Pertsov  and  Yu.  V.  Goryunov 
[277-279].  Specimens  with  cylindrical  working  area  of  0.5-1  mm  in 
diameter  and  10-15  mm  long  were  tested  in  uniaxial  stress. 

Liquid  metal  was  deposited  at  the  surface  of  the  specimens 
electrolytical ly  or  chemically.  The  thickness  of  the  coating 
was  usually  5  microns. 
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Fig.  105  shows  the  characteristic  creep  curves  for  pure  zinc  single 

crystals  and  coated  wich  liquid  tin  at  a  temperature  of  350°  C  and  stress 
2 

19.1  g/mm  .  It  is  evident  from  the  Fig.  that  under  the  action  of  the 
liquid  metal  the  plastic  deformation  of  zinc  occurs  at  a  significantly 
greater  rate. 

The  examination  of  relative  positions  of  curves  enables  one  to 
conclude  that  the  creep  rate  of  zinc  single  crystals  in  liquid  tin 
is  greater  than  in  air  both  at  the  first  stage  (damping  creep)  and 
in  the  second  stage  (steady-state  creep).  Measurements  of  initial 
creep  rate  of  zinc  indicated  that  this  characteristic  curve  of  the 
process  is  also  greater  when  testing  single  ystals  in  liquid  metal 
than  in  air  [278],  When  increasing  the  stress  the  initial  creep  rate 
of  zinc  single  crystals  in  tin  increases  in  the  same  manner  as  when 
testing  in  air  but  always  has  greater  magnitude. 

It  should  be  noted  that  the  influence  of  liquid  metal  coating  on 
creep  of  single  crystals  is  observed  at  a  temperature  both  lower  and 
higher  than  the  threshold  temperature  of  induced  brittleness  (upper 
temperature  boundary  of  embrittlement  according  to  the  definition  given 
in  Chapter  1). 

Creep  tests  of  zinc  single  crystals  in  mercury,  which  were  carried 
out  at  room  temperature,  gave  a  mere  complex  picture  of  liquid  metal 
action  than  the  one  established  in  experiments  on  zinc  coated  with  tin. 
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In  this  case  it  was  found  that  for  high  stresses,  close  to  the  yield 
point,  the  single  crystals  under  the  action  of  mercury  are  strengthened, 
i.e.  are  deformed  with  lower  rate  than  under  that  same  stress  in  air. 

For  stresse  of  lower  magnitude,  for  example  0.7  of  yield  point,  the 
mercury  as  well  as  tin  eases  the  plastic  deformation  of  zinc.  This 
unusual  action  of  mercury  is  associated  with  the  influence  of  its 
volume  diffusion  in  zinc  [240].  For  higher  stresses  and  subsequently 
more  intensive  plastic  deformation  the  diffusion  occurs  at  a  greater  rate. 
This  in  turn  leads  to  a  blocking  of  sources  generating  dislocations  to 
a  greater  extent  than  for  low  stresses. 

The  strengthening  of  zinc  due  to  volume  diffusion  of  mercury  was 
confirmed  by  the  tensile  tests  carried  out  for  single  crystals  at  the 
liquid  nitrogen  temperature  after  keeping  them  in  contact  with  mercury 
at  room  temperature.  It  was  found  that  normal  and  shear  stresses  during 
fracture  of  single  crystals  steadily  increase  with  the  increasing  duration 
of  diffusion. 

Strengthening  due  to  alloying  under  creep  c-nditions  was  also  observed 
when  testing  cadmium  and  tin  single  crystals  in  liquid  mercury  [279], 
fbwever,  the  action  is  not  characteristic  of  a  diffusion  factor  in  these 
experiments.  In  all  probability,  it  is  specific  for  testing  solid-liquid 
metal  couple,  which  do  not  differ  greatly  in  their  melting  point  values. 

If  the  melting  point  of  the  istal  coating  is  considerably  lower  than  the 
melting  point  of  the  deformed  metal,  then  both  the  diffusion  and  adsorption 
action  eases  the  plastic  defcrmacion  process  under  constant  stress. 
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The  experiments  carried  out  for  polycrystalline  metals  indicated 
that  they  are  similar  to  single  crystals,  i.e.  disclosed  en  increase 
in  creep  rate  under  the  action  of  a  liquid  metal  medium,  l'he  influence 
of  molten  metal  in  this  case  is  also  observed  in  the  first  and  second 
stages  of  the  process.  The  relative  position  of  creep-time  curves  in 
polycrystal lint,  specimens,  which  were  tested  in  contact  with  liquid 
metal  and  in  air,  is  the  same  as  indicated  for  zinc  single  crystals  in 
Fig.  105.  Usually  within  a  wide  range  of  stresses  and  creep  rates  the 
dependence  between  them  is  well  described  [259,  26o]  by  the  power  law 

v  =  ca"\  (159) 

where  v  is  the  steady- state  creep;  c  and  m  are  constants  of  the 
material  independent  of  stress. 

Creep  tests  in  a  liquid  metal  medium  indicated  that  equation  (159) 

is  also  observed  in  this  case.  The  dependence  of  steady-state  creep 

on  the  stress  for  copper  of  type  M-l,  which  was  tested  at  a  temperature 

of  350°  C  in  air  and  in  liquid  bismuth,  is  shows  in  Fig.  106b  as  an 

example.  The  experiments  were  carried  out  on  machined  tubular  specimens 

with  a  working  area  of  10  mm  in  inside  diameter,  wall  thickness  of 

o.5  mm  and  50  mm  long.  The  test  conditions  in  the  liquid  metal  were 

static  isothermal  and  corresponded  to  those  described  in  Chapter  2. 

Prior  to  creep  testing  the  specimens  were  subjected  to  annealing  in 
-U 

vacuum  (about  10  mm  Hg)  at  a  temperature  of  600°  C  for  2  hrs. 
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It  is  evident  from  Fig.  106b  that  in  logarithmic  coordinates  the 
dependence  of  steady-state  creep  of  copper  in  liquid  bismuth  as  well 
as  in  air  is  described  by  the  straight  line,  i.e.  it  corresponds  to 
equation  (158).  However,  the  line  corresponding  to  tests  in  liquid 
bismuth  is  located  on  this  graph  below  the  line  corresponding  to  the 
tests  in  air.  This  indicated  that  under  identical  stresses  the 
steady-state  creep  of  copper  in  bismuth  is  greater  than  in  air. 

It  also  follows  from  Fig.  106b  that  with  the  decrease  of  stress 
the  relative  difference  of  creep  in  liquid  metaland  in  air  increases. 

In  view  of  the  fact  that  equation  (159)  is  valid  both  during 
creep  tests  of  solid  metal  in  liquid  and  in  air,  the  degree  of 
influence  of  liquid  metal  can  be  easily  characterized  by  the  magnitude 
of  ratio  of  creep  in  liquid  metal  to  the  creep  in  air  under  identical 
stresses.  The  experimentally  obtained  ratio  can  be  called  the 
coefficient  of  influence  of  liquid  metal  or  coefficient  of  increase 
of  steady-state  creep  in  liquid  metal.  Its  expression  has  the  following 
form 


a  * 


(160) 


where  symbols  with  indices  «<K»  refer  to  tests  in  liquid  metal,  the 
symbols  without  indices  refer  to  tests  in  air. 

For  the  influence  characteristic  of  liquid  metal  on  the  steady-state 

creep  of  solid  metal  another  coefficient  can  be  used.  This  is  equal  to 
the  ratio  of  creep  limits  in  the  liquid  metal  and  in  air  corresponding 

to  the  identical  value  of  creep  rate. 
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It  is  convenient  to  use  this  coefficient  in  evaluating  the  influence 
of  temperature  when  there  are  several  isotherms  similax  to  those 
presented  in  Fig.  106.  The  coefficient  of  decrease  in  creep  limit 
of  solid  metal  in  liquid  in  conformance  with  equation  (159)  has  a 
power  dependence  on  creep 


Ko  u,/m*~l/m. 

un 


(161) 


As  a  result  of  increase  of  creep  rate  in  a  liquid  metal  medium  the 
value  of  the  first  coefficient  is  greater  than  unity  while  the  value 
of  the  second  coefficient  is  lower.  If  the  liquid  metal  does  not  affect 
the  creep  rate  of  the  solid  metal  then  both  coefficients  are  equal  to 
uni ty . 

Under  the  action  of  a  liquid  metal  elastic  strain  of  solid  metal 
occurs  at  a  grater  rate  not  only  for  steady-state  creep  but  also  for 
damping  creep  as  was  indicated  earlier.  Data  on  the  influence  of  the 
liquid  metal  on  the  creep  process  in  the  first  stage  can  be  obtained 
by  comparing  the  values  of  mean  creep  rates  in  this  stage  in  specimens 
tested  in  a  liquid  mecal  medium  and  in  air.  Let  us  calculate  the  mean 
race  t>,  as  the  ratio  of  the  elongation  , accumulated  by  the  specimen 
for  the  first  stage,  to  the  duration  of  the  stage  tj,  i.e.  v»  ®  6i/*i 
Fig.  106a  shows  the  mean  creep  rate  for  the  first  stage  as  a  function  of 
stress  for  annealed  copper  of  type  M-i  at  a  temperature  of  350°  C.  It  was 
found  that  the  power  relationship  is  well  fulfilled  between  these  values. 
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It  is  evident  that  the  lines,  which  were  plotted  according  to  experimental 
results  of  copper  in  liquid  metal  and  in  air,  divide.  The  value  of  mean 
creep  rate  in  the  first  stage  as  well  as  that  of  the  steady-state  creep 
rate  is  greater  when  testing  copper  in  liquid  bismuth  than  when  testing 
in  air  and  the  relative  difference  between  them  increases  with  the 
decrease  of  stress. 

The  effect  of  the  liquid  metal  on  the  solid  tested  for  creep 
leads  to  the  shortening  of  the  duration  of  ail  creep  stages  .  Fig.  107 
shows  the  dependences  of  duration  of  the  first,  second  and  third  stages 
and  relative  elongation  corresponding  to  these  stages  on  the  stresses 
for  copper  of  type  M-l,  which  was  tested  in  air  and  in  liquid  bismuth. 

It  is  evident  from  the  graphs  that  the  action  of  liquid  metal  affects 
the  duration  of  the  creep  stage  and  the  value  of  the  relative  elongation 
in  the  third  stage  but  does  not  change  the  relative  elongation  in  the 
first  and  second  stages  ,  The  effect  of  liquid  bismuth  on  copper  is 
determined  by  the  adsorption  factor.  However,  the  regularities  of  changes  in 
creep  characteristics  described  above  are  observed  also  in  the  case  of 
controlling  action  of  other  factors.  Fig.  108  shows  the  dependence  of 
steady-state  creep  of  1KM4N14M3B  steel  on  stress  at  a  temperature  of 
700°  C  in  air  and  in  the  convection  flow  of  sodium.  It  follows  from 
the  graph  that  under  the  conditions  of  action  of  thermal  mass  transfer 
the  power  dependence  of  creep  on  stress  holds  .  The  liquid  metal, 
exerting  a  corrosion  action,  causes  an  Increase  of  creep  rate  during 
which  the  effects  are  greater  the  lower  the  stress. 
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It  has  been  established  by  the  Armco-iron  tests  in  liquid  zinc  that 
the  action  of  the  diffusion  factor  on  creep  rate  is  simi’ar  to  the 
action  of  adsorption  and  corrosion  factors  (see  Chapter,  Fig.  123). 

The  influence  of  liquid  metals  on  the  creep  process  of  solid 
metals  is  observed  not  only  in  the  case  of  uniaxial  stress.  In 
Refs.  [280,  28 l]  creep  tests  of  single  crystalline  specimens  under 
the  conditions  of  torsion  were  described.  It  has  been  established 
that  the  mechanisms  of  influence  of  liquid  metal  coatings  on  the 
creep  process  of  single  crystals  under  constant  torsion  is  the  same 
as  under  constant  tensile  stress  [277-279]. 

b.  Influence  of  temperature 

The  magnitude  of  the  effect  of  liquid  metal  on  the  creep  process 
of  solid  depends  substantially  on  the  temperature.  The  influence  of 
temperature  has  been  established  in  the  experiments  with  single-  and 
polycrystals.  Table  47  shows  the  experimental  results  for  creep  of  pure 
zinc  single  crystals  and  coated  with  tin  under  various  temperatures. 

A  stress  0.7-0. 8  of  the  yield  point  was  assign. d  to  the  specimens 
at  a  suitable  temperature.  The  data  in  Table  47  indicate  that  with 
the  increase  in  temperature  the  effect  of  liquid  tin  increac-es. 

The  testing  of  zinc  single  crystals  at  200°  C  showed  the  decrease 
of  creep  rate  due  to  the  action  of  a  solid  surface  metal  film,  which 
hinders  the  escape  of  dislocationsat  the  surface  of  the  specimen. 


Fig.  109  shows  the  temperature  curves  of  steady- state  creep  rate 
of  metals  in  the  polycrystalline  state  for  copper  and  Armco-iron, 
Specimens  with  a  wall  thickness  of  0.5  mm  were  tested.  The  testing 
conditions  in  liquid  metal  were  static  isothermal.  The  purpose  of 
this  test  was  to  verify  the  application  of  an  exponential  dependence 
of  the  steady-state  creep  rate  on  the  inversion  temperature 
experimental  results  in  a  liquid  metal  environment,  which  was  fulfilled 
in  the  absence  of  the  influence  of  the  environment  [268]: 

v  =  v0e-9«/RT,  (162) 

where  T  is  the  absolute  temperature; 

Q ,  is  the  activation  energy  of  creep 
R  is  the  gas  constant; 

v0  is  the  coefficient  independent  of  temperature. 

Equation  (162)  is  applicable  to  the  experimental  results  for  creep 
under  various  temperatures  but  identical  stresses.  Therefore  the  creep 
rate  of  copper  in  liquid  bismuth  was  determined  under  constant  stress  of 
A  kg/mm  while  creep  rate  of  Armco-iron  in  zinc  was  determined  under  a 
stress  of  7  kg/mm^.  Since  a  stress  of  7  kg/mm  is  too  low  for  iron 
when  testing  within  a  given  temperature  range  and  is  practically 
Impossible  to  determine  the  creep  rate  under  its  action  in  view  of 
extremely  long-term  experiments,  a  method  based  on  the  application  of 
the  following  two  empirical  equations  was  developed  for  calculating  creep 
rate:  creep  rate  as  a  function  of  stress  (159/  and  temperature  (162). 
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Assuming  that  coefficients  in  equations  (159)  and  (162)  are  certain 
functions  of  the  temperature  and  stress  respectively,  it  is  possible 
to  write  the  identity 


In  v0 (o) a  In  c(T)+m  (T)\na. 


(163) 


Differentiating  it  successively  with  respect  to  o  and  T 
we  obtain  the  equations 


1  dQ,(a)  1 
RT  da  '  i>o  (o) 


di>o  (o) 
da 


(164) 


dQ,(a)  i  _  1  dm(T) 
da  RT2  ~  a  '  dT 


(165) 


It  follows  from  equation  (165)  that 

Q»  (°)  *=  a.  In  o  +  (166) 

m(T)=-%r-y„ 

(167) 

where  a«  ,  P«  ,  and  y,  are  the  constants  cf  the  material 
independent  of  temperature  and  stress. 

For  determining  i’0(o)  from  equations  (166),  (l67)and  (164)  we 
obtain  a  linear  differential  equation 

«£(*)  +  5Mo)»0, 

the  solution  of  which  we  find  in  the  form 

t'j  (o)  =  o~r»— v*  in 


(168) 


(169) 


79 


From  equations  ( 1 6 3 )»  (  166),  (167)  and  (169)  we  obtain 


lnc^H  -q>. 


is. 

RT 


(170) 


or 


c  (7)  =  e-T*-P*/«T. 


(171) 


Finally  a  generalized  equation, describing  the  dependence  of  steady-state 
creep  rate  on  stress  and  temperature,  is  written  in  the  form 


p_c-?,-l»./RTcrY*-*»/Rr.  (172) 

Using  equations  (167)  and  (171)  it  is  possible  to  find  four  constants 
of  equation  (172)  from  two  experimentally  determined  isotherms 
"creep  rate-stress"  and  then  plot  the  creep  vs  temperature  curve 
for  any  stress  of  interest.  These  calculations  were  carried  out  for 
Armco-iron  using  in  this  case  the  results  of  tests  at  temperatures 
of  400  and  500°  C. 

It  has  been  established  that  the  generalized  equation  of  creep 
has  the  following  form 


!:»•»?«  (173) 

V  =  9  *T  a  RT 

Let  us  not  refer  to  graphs  in  Fig. 109.  It  is  evident  that  the 
action  of  an  adsorptive-active  liquid  metal  (bismuth)  on  copper  does  not  chang 
the  functional  relationship  between  the  steady  state  creep  and  temperature 
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However,  its  action  leads  to  a  substantial  increase  of  creep  end  the 
effect  becomes  greater  the  lowei  the  temperature.  The  easing  of  plastic 
deformation  in  an  adsorptive-active  .nelt  was  also  expressed  by  a  decrease 
of  activation  energy  of  creep.  Its  magnitude  for  copper,  deforming 
under  a  stress  of  4  kg/mm^,  is  42.5  kcal/g.atom  in  the  inactive  medium 
while  under  the  action  of  liquid  bismuth  it  decreases  to  34.5  kcal/g*atom. 

The  creep  vs  temperature  curve  of  Armco-iron  in  liquid  zinc  (see 
Fig.  109b)  is  of  different  nature.  As  a  result  of  action  of  diffusive 
active  liquid  metal  (see  Chapter  5)  creep  increases  also  for  each  selected 
value  of  temperature  while  the  exponential  dependence  (106)  is  not 
fulfilled.  However  in  this  case,  as  in  the  preceding,  the  influence 
of  the  liquid  metal  at  low  temperature  is  relatively  stronger  than  at 
high  temperature. 

Fig.  110  shows  the  experimental  results  of  the  influence  of 
temperature  on  the  corrosion  action  of  liquid  sodium  on  E1827  alloy 
under  creep  conditions.  The  testing  method  was  the  same  as  the  one 
described  earlier  in  Chapter  2,  The  corrosion  action  of  sodium  on  the 
material  when  testing  by  this  method  was  determined  by  the  thermal  mass 
transfer  which  was  caused  by  a  drop  in  temperature  (about  400°  C) 
vertically  of  the  column  of  liquid  metal  in  the  internal  cavity 
of  the  specimen.  Test  specimens  were  filled  with  argon  and  hermetically 
sealed  by  weK'ing  a  plug  to  the  inlet.  Tests  were  carried  out  in  air. 
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It  is  evident  from  Fig.  110  that  at  a  temperature  of  600°  C  liquid 
sodium  does  not  affect  the  creep  rate  of  alloy  EI827.  At  higher 
temperatures  the  creep  rate  in  sodium  is  higher  than  in  air  under 
that  same  stress.  With  the  increase  in  temperature  the  effect  of 

i 

molten  metal  is  increased.  This  is  evident  by  the  increased  distance 
between  lines  1?  v  —  lg 0  for  testing  in  sodium  and  in  air  with  the 
increase  in  temperature  and  also  by  the  data  in  Table  48  in  which  the 
values  of  the  coefficients  of  decrease  of  creep  rate  of  liquid  metal 
are  given.  Table  48  also  shows  the  results  of  creep  tests  for  EI612 
steel  in  air  and  in  a  convection  flow  of  lithium,  which  were  carried  out 
by  that  same  method  as  for  alloy  EI827. 

Data  in  the  Table  indicate  that  the  increased  temperatures  lead  to 
the  increase  of  the  influence  of  sodium  and  lithium  on  creep  rate  of 
both  materials  under  investigation.  However,  it  should  be  noted  that 
the  corrosion  action  of  liquid  metal  as  well  as  adsorption  and  diffusion 
is  characterized  by  the  decrease  of  the  efft  -  with  the  increase  in 
temperature  when  comparing  the  results  of  creep  tests  under  identical 
values  of  stress.  This  conclusion  can  be  made  for  example  by  comparing 
the  relative  positioning  of  the  lines  in  Fig.  110. 

c.  Influence  of  scale  factor 

Since  the  effect  of  liquid  metal  on  the  creep  process  of  solid  is 
associated  with  their  surface  interaction,  then  it  should  significantly 
depend  on  the  cross-sectional  dimensions  of  the  specimens  (details). 
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Based  on  this  one  may  assume  the  existence  of  a  certain  upper  limit 
of  cross-sectional  dimensions  for  which  the  effect  disappears.  The 
experiments  carried  out  under  the  conditions  of  corrosion  action  of  a 
metallic  melt  also  showed  the  existence  of  a  lower  limit.  Fig.  111a 
shows  the  dependence  of  steady-state  creep  rate  of  specimens  made  of 
alloy  E1869  on  the  thickness  of  their  walls.  The  tests  were  carried  out 
on  machined  tubular  specimens.  The  inside  diameter  of  the  specimens 
was  10  mm  and  wall  thicknesses  0.15;  0.25;  0.5;  0.75;  1.0;  1.5  and  2.0  mm. 
All  the  tests  were  carried  out  at  a  temperature  of  750°  C,  the 

specimens  were  loaded  in  uniaxial  tension  at  r.  stress  of  20  kg/mm2. 

The  effect  of  liquid  metal( sodium)  on  the  specimen  occurred  due  to  thermal 
mass  transfer  caused  by  a  drop  in  temperatures  (about  350°  C)  in  the 
internal  cavity  of  the  specimen  vertically  along  the  column  of  the 
liquid  metal  (see  Fig.  95), 

It  is  evident  from  Fig.  111a  that  the  creep  rate  of  the  material 
depends  on  the  wall  thickness  of  the  tubular  specimen  in  the  inactive 
medium.  The  increase  of  steady-state  creep  rate  with  decreasing  wall 
thickness  is  associated  with  the  metal  approaching  the  single  crystalline 
state  and  with  the  increase  of  the  role  of  the  surface  factor  in  the 
creep  process  [270] .  As  evident  from  the  Fig.  the  creep  of  specimens 
with  small  wall  thickness  al.;o  depends  on  the  corrosion  action  of 
liquid  sodium.  It  leads  to  a  greater  increase  of  creep  rate  for 
specimens  with  a  wall  thickness  from  0.15  to  1  mm. 
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The  degree  of  influence  of  liquid  metal  on  the  creep  rate  of 
specimens  with  different  dimensions  can  be  easily  determined  by  the 
magnitude  of  the  ratio  of  their  creep  rates  in  sodium  and  in  air. 

The  dependence  of  this  ratio  on  the  thickness  of  the  wall  is  shown 
in  Fig,  lllb.  It  follows  from  the  above  that  the  highest  influence 
is  exerted  on  the  specimens  with  micromil) ime ter  wall.  The  increase  in 
the  creep  rate  in  this  case  is  almost  threefold.  The  change  in  wall 
thickness  as  compared  to  0.5  mm  leads  to  smooth  decrease  of  the  effect. 

d.  Influence  of  chemical  composition  of  liquid  metal 

The  magnitude  of  the  effect  easing  the  plastic  deformation  of  solid 
metal  in  liquid  under  creep  conditions  as  well  as  under  other  types 
of  mechanical  tests  depends  also  on  the  composition  of  liquid  metal. 

In  this  case  both  large  and  small  amounts  of  admixtures  can  play  a 
significant  role.  The  change  of  chemical  composition  of  liquid  metal 
sometimes  leads  to  a  qualitative  change  of  the  effect  of  liquid  metal. 

Fig.  112  shows  the  dependence  of  the  ratio  of  steady-state  creep  rates 
in  liquid  metal  and  in  the  inactive  medium  (argon)  on  the  composition 
of  liquid  metal  for  zinc  single  crystals  tested  at  a  temperature  of 
350°  c  [277]. 

It  is  evident  that  in  pure  lead  the  creep  rate  for  zinc  is  even 
lower  than  in  argon.  Small  tin  addition  to  the  liquid  metal  cause  an 
increase  in  the  creep  rate  and  the  ratio  of  rates  becomes  greater  than  unity. 
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Further  increase  of  tin  concentration  in  lead  is  accompanied  by  a  continuous 
increase  of  the  effect  which  reaches  a  maximum  magnitude  in  pure  tin. 

This  action  of  the  secondary  compound  of  the  liquid  metal  solution  (tin) 
is  associated  in  the  given  case  with  the  fact  that  this  metal  is  surface 
active  with  respect  to  zinc,  while  lead  is  not. 

A  bismuth  addition  to  lead  during  creep  test  of  polycrystalline  copper 
behaves  similarly  to  a  tin  addition  to  lead  during  creep  test  of  zinc 
single  crystals.  In  this  case  the  nature  of  change  in  steady-state  creep 
and  the  mean  rate  in  the  first  stage  is  similar  to  the  change  of  magnitude 
of  surface  interphase  energy,  which  occurs  with  the  increase  of  bismuth 
content  in  lead  (see  Fig.  136  and  138). 

Certain  nonmetallic  admixtures  also  exert  an  influence  on  the  magnitude 
of  the  steady-state  creep  rate  of  the  solid  metal  in  liquid.  Fig.  113  shows 
the  steady-state  creep  rate  of  EI851  steel  as  a  function  of  stress  at  a 
temperature  of  700°  [282].  The  tests  were  carried  out  in  uniaxial  tension 
of  tubular  specimens  with  a  wall  thickness  of  0.5  mm.  The  experiments  in 
the  liquid  metal  (sodium)  were  isothermal  static.  Pure  sodium  containing 
0.01  wt.  %  Oj  was  used  and  sodium  inside  the  specimen  containing  1%  O2  was 
contaminated  with  an  addition  of  sodium  peroxide.  It  follows  from  Fig.  113 
that  pure  sodium  does  not  affect  the  creep  rate  of  EI351  steel,  while  sodium 
with  oxygen  admixture  causes  It  to  increase,  becoming  higher  as  the  stress 
falls  and  consequently  the  absolute  value  of  the  initial  creep  rate. 
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The  influence  of  oxygen  admixture  in  sodium  on  the  creep  process 
of  the  metal  does  not  always  increases  its  rate  as  in  the  case  of  EI851 
steel.  A  strong  change  in  the  initial  creep  curves  for  deformation- time 
making  it  impossible  to  isolate  the  usual  three  stages  on  them  was 
established  by  testing  a  nickel-base  EI869  and  EI765  alloys  in  sodium, 
which  was  highly  contaminated  with  oxygen  (107.  by  wt.  of  liquid  metal 
in  the  specimen).  These  changes  arose  from  the  chemical  interaction 
between  alloys  and  the  sodium  oxide.  When  examining  sections  under  the 
microscope  a  wide  range  of  highly  etching  reagents  was  observed  in  the 
inner  surface  of  the  specimens. 

The  effects  of  the  increase  of  long-term  strength  of  EI437A  and  EI617 
alloys  at  a  temperature  of  1000°  C  and  lKhl8N9T  steel  at  900°  C  in  an 
unpurified  sodium  was  described  in  Chapter  2.  This  is  due  to  diffusion 
into  alloys  and  carbon  steel  and  apparently  due  to  nitrogen  in  sodium. 

The  surface  layer  formed  as  a  result  of  the  diffusion  processes  has  a 
lower  capacity  of  plastic  deformation.  The  creep  rate  of  specimens 
during  testing  in  an  unpurified  sodium  was  lower  than  the  creep  rate 
in  air  and  in  the  pure  liquid  metal.  The  decrease  of  the  creep  rate 
is  thus  another  of  the  many  effects  of  admixtures  in  liquid  metal  on 
the  deforming  solid  metal. 
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Chapter  4  -  FATIGUE  STRENGTH 


a.  General  principles  of  failure  under  cyclic  load 

A  liquid  metal  medium  exerts  an  influence  on  the  strength  of  solid 
metals  when  testing  them  not  only  under  constant  but  also  under  variable 
load.  The  decrease  in  fatigue  strength  of  the  material  is  usually  due 
to  tnis  influence. 

Most  of  the  fatigue  tests  in  the  liquid  metal  medium  were  carried 
out  under  cyclic  bending.  It  has  been  established  in  many  cases  that 
the  effect  of  liquid  metal  becomes  progressively  stronger  with  the 
increase  of  testing  base..  This  effect  was  observed  for  example  during 
fatigue  test  of  alloy  EI617  in  molten  lead  at  a  temperature  of  700°  C 
(Fig.  114).  These  experiments  were  carried  out  on  the  Shenka  machine 
for  specimens  with  a  cylindrical  working  area  of  7.5  mm  in  diameter 
[283],  During  the  test  the  specimen  was  in  a  liquid  metai  bath. 

It  is  evident  from  Fig.  114  that  with  the  increase  of  the  number 
of  cycles  for  failure  and  respectively  with  the  decrease  of  stress 
amplitude  the  discrepancy  in  the  fatigue  curves  for  alloy  EI617, 
corresponding  to  the  results  of  testing  in  air  and  in  lead,  is 
increased.  In  this  case  the  material  does  not  have  a  true  endurance 
limit  in  air  and  in  liquid  metal.  The  absence  of  an  endurance  limit 
when  testing  in  air  is  due  to  the  effect  of  high  temperature: 
irreversible  changes  occur  in  the  specimen  at  small  stress  amplitude 
leading  to  failure  after  a  finite  number  of  cycles. 
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The  disappearance  of  a  true  endurance  limit  with  an  increasing  test 
temperature  has  been  established  in  many  materials  [284-288], 

In  addition  to  alloy  E1617  a  similar  effect  of  liquid  metal  on  the 
fatigue  strength  was  determined  when  testing  alloy  EI437  in  lead, 
bismuth  and  their  eutectic  at  a  temperature  of  700°  C  [283], 

In  some  papers  a  different  dependence  of  the  degree  of  influence 
of  liquid  metal  on  the  endurance  of  the  material  upon  the  number  of 
cycles  was  observed  than  the  one  indicated  in  the  above  experiments. 
Individual  materials  experience  a  greater  effect  of  molten  metal  the 
higher  the  stress  amplitude.  The  intensification  of  the  aggressive 
effect  of  the  liquid  metal  medium  with  increasing  stress  amplitude 
was  observed  during  cyclic  bending  tests  of  70/30  brass  coated  with 
mercury  at  room  temperature  (Fig.  115)  [289],  In  this  case  the 
material  has  a  true  endurance  limit  in  air  and  in  the  liquid  metal. 

The  decreaase  in  a  true  endurance  limit  of  brass  occurred  under  the 
action  of  liquid  mercury.  The  effect  of  mercury  in  the  region 
limited  endurance  was  exerted  to  an  even  greater  degree. 

The  intensification  of  the  liquid  metal  effect  with  increasing 
stress  amplitude  similar  to  that  experienced  by  70/30  brass  in  mercury 
occurs  apparently  in  those  cases  when  the  controlling  factor  is  the 
initial  strength  of  the  material.  The  empirical  equation  determined 
for  material  fatigue  in  the  inactive  medium  within  the  range  of 
limited  endurance  has  the  form 
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The  fatigue  strength  of  a  solid  metal  is  decreased  under  the  action 
of  a  liquid  not  only  in  the  case  of  symmetrical  bending  test,  as  in  the 
examples  indicated  above,  but  also  under  other  types  of  loading.  Thus, 
the  effect  of  tin  on  soft  steel  was  observed  when  testing  in  a  symmet¬ 
rical  tension-compression  cycle  at  a  temperature  of  300°  C  [289].  The 
decrease  in  true  endurance  limit  due  to  the  tin  influence  and  also  in 
resistance  to  cyclic  load  within  the  range  of  limited  endurance  was 
observed. 

The  decrease  of  fatigue  strength  of  the  material  in  the  liquid  metal 
medium  was  established  only  when  loading  under  tensile  stresses,  which 
varies  with  time  according  to  a  rectangular  cycle  [283],  The  specimen 
was  under  load  for  25  min  and  5  min  without  load.  The  test  temperature 
was  700°  C.  Although  the  frequency  of  cycles  was  rather  low  the  fracture 
was  of  a  fatigue  nature  since  the  time  prior  to  fracture  in  this  case  was 
significantly  less  than  under  constant  load,  i.e.  when  testing  for  long¬ 
term  strength.  The  experiments  have  indicated  that  alloys  EI437A  and  EI617 
undergo  a  decrease  in  plastic  strength  in  lead  and  eutectic  Pb-Bi  under 
this  type  of  load.  A  comparison  with  the  result  of  the  test  of  alloy  for 
long-term  strength  at  that  same  temperature  and  in  those  same  media  indicates 
that  even  for  a  large  magnitude  of  half-period  during  tensile  stress,  the 
influence  of  the  liquid  metal  medium  under  a  cyclic  load  is  relatively 
lower  than  under  a  constant  load. 
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A  continuous  increase  of  the  effect  of  liquid  metal  with  the  increase 
of  number  of  cycles  to  failure  has  been  determined  by  the  fatigue  test 
of  alloys  E1437A  and  E1617  under  tensile  stresses  [283],  Fatigue  tests 
with  this  type  of  loading  of  7075-T6  aluminum  alloy  specimens  in  mercury 
at  room  temperature  showed  an  opposite  mechanism  [8], 

The  decrease  in  cyclic  strength  of  materials  as  a  result  of  molten 
metal  effect  war  observed  in  loading  of  the  specimens  under  torsion. 

Fig.  116  shows  the  results  of  fatigue  tests  under  this  type  of  loading 
of  specimens  made  of  70/30  brass  with  an  uncoated  surface  and  coated 
with  liquid  mercury  [290].  The  specimens  were  in  a  cylindrical  rod  form 
3.56  mm  in  diameter  and  44.5  mm  long.  Under  the  action  of  the  applied 
torque  the  specimens  first  were  twisted  for  a  determined  angle  into  one 
direction  and  subsequently  into  the  opposite  direction.  Thus,  the  test 
was  carried  out  by  the  method  of  a  specified  amplitude  of  deformation. 

The  peculiar  feature  of  the  test  was  the  application  of  deformation  on  the 
specimens  which  exceeded  the  elastic  deformations,  i.e.  the  specimens 
were  tested  for  fatigue  in  the  elastic-plastic  region.  Under  these 
conditions  the  tendency  towards  strengthening  of  the  material  was 
clearly  defined  (the  increase  of  torque  with  the  amplitude  value  of 
deformation)  as  the  number  of  cycles  increases.  In  this  connection 
the  experimental  results  can  be  given  in  terms  of  torque  as  a  function 
of  the  total  angle  of  twist.  The  total  angle  of  twist  is  proportional 
twice  the  amplitude  of  deformation  (given  in  degrees)  for  a  number  of 
cycles;  consequently  in  this  case  all  the  stresses  irrespective  of  sign 
are  summarized. 


91 


As  is  evident  from  Fig.  116,  in  the  Indicated  test  conditions  the 
strengthening  of  brass  with  the  increase  of  the  total  angle  of  twist 
occurs  with  identical  intensity  with  and  without  the  effect  of  mercury 
on  the  specimens.  The  strengthening  becomes  greater  the  higher  the 
amplitude  of  deformation.  The  influence  of  liquid  metal  results  in  the 
decrease  of  the  total  angle  of  twist  during  failure  as  compared  to  the 
specimens  without  the  coating.  This  effect  increased  with  the  increase 
of  the  deformation  amplitude.  Thus,  fatigue  tests  of  70/30  brass  under 
torsion  in  the  elastic-plastic  region  showed  a  strengthening  of  the 
effect  of  liquid  mercury  with  an  increasing  amplitude  of  deformation. 

The  decrease  in  fatigue  strength  of  St.  AO  under  the  action  of  mercury 
at  room  temperature  has  been  determined  in  Ref.  [29l]  when  loading  the 
specimens  in  the  elastic-plastic  region.  The  wire  specimens  were  bend 
tested  in  a  special  device  [292].  Clamps"  with  different  jaw  radii  were 
used.  It  is  evident  that  with  the  decrease  in  their  radius  the  amplitude 
of  plastic  deformation  of  the  specimens  increases.  In  accordance  with 
this  the  number  of  bends  endured  by  the  specimens  without  failure  should 
decrease. 

As  is  evident  from  Table  49,  in  which  the  experimental  results  are 
given, this  conformity  was  observed  when  testing  the  specimens  with  and 
without  mercury  coating-.  The  action  of  mercury  on  steel  results  in  the 
decrease  in  the  number  of  bends  in  the  wire  specimens  tested  for  failure 
a<  compared  with  an  uncoated  specimen  with  an  identical  jaw  radius  in 
both  cases. 
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The  evaluation  of  the  liquid  metal  effect  by  the  magnitude  of  the 
ratio  of  number  of  bends  prior  to  failure  both  in  liquid  and  in  air 
indicates  (see  Table  49)  that  with  the  decrease  of  jaw  radius  the 
effect  increases.  This  suggests  that  the  influence  of  the  medium 
becomes  greater  the  higher  the  amplitude  of  plastic  deformation. 

T.tus,  the  results  in  Refs.  [290]  and  [29l]  are  in  agreement. 

Microstructural  investigation  of  specimens  fractured  during  fatigue 
tests  showed  that  under  the  action  of  the  liquid  metal  medium  the 
materials  develop  a  tendency  towards  an  intercrystalline  fracture. 

Cases  were  noted  when  under  those  same  conditions  the  material  in  air 
is  fractured  along  the  grain  and  in  the  liquid  metal  along  the  grain 
boundaries  [283],  Sometimes  a  transition  from  fatigue  to  intergranular 
cracking  occurs  in  the  material  under  the  action  of  liquid  metal  although 
there  is  no  decrease  in  endurance.  This  effect  was  observed  during 
fatigue  test  with  a  symmetrical  tension-compression  cycle  of  chromium-nickel 
18-8  steel  in  liquid  sodium  at  a  temperature  of  300°  C  [289]. 

Similar  observations  were  also  made  by  the  present  author  during 
the  cyclic  bend  test  with  symmetrical  loading  of  several  heat-resisting 
steels  in  liquid  sodium  (Table  50).  These  experiments  were  carried  out 
on  the  so-called  Oding's  ring  specimens  at  assigned  amplitude  of 
deformation  by  the  method  described  in  Refs.  [185,  293]. 

It  should  be  noted  that  together  with  the  tendency  towards  inter¬ 
granular  cracking  of  materials  in  liquid  metals  in  certain  cases  the 
failure  occurs  along  the  grain,  although  there  is  no  decrease  in  fatigue 
strength. 
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b.  Influence  of  cold-hardening 


There  are  no  systematic  investigations  of  the  influence  of  preliminary 
plastic  deformation  of  the  material  on  its  fatigue  strength  in  a  liquid 
metal  medium.  However  certain  conclusions  on  the  effect  of  this  factor 
can  be  made  based  on  Refs.  [289,  291,  294], 

Fig.  117  shows  the  diagram  of  fatigue  strength  under  symmetrical 
bending  of  70/30  brass  in  air  and  in  liquid  mercury  [289],  Tests  were 
carried  out  on  wire  specimens  (2.34  mm  in  diameter)  which  endured 
significant  plastic  deformation  in  the  process  of  cold-drawing. 

It  is  evident  from  Fig.  117  that  cold-hardened  material  is  subjected 
to  significant  influence  of  liquid  mercury  when  testing  under  cyclic 
load.  Comparing  Figs.  117  and  115  where  the  fc.tigue  tests  of  annealed 
70/30  brass  are  given,  we  come  to  the  conclusion  that  the  degree  of 
mercury  effect  in  both  cases  it  about  the  same.  The  effect  of  liquid 
metal  on  the  annealed  and  cold-hardened  materials  is  also  similar: 
the  effect  decreases  with  decreasing  amplitude  of  stress  and  has  a 
minimum  value  in  the  region  of  the  true  endurance  limit. 

It  follows  from  the  comparison  between  Fig,  115  and  117  that  the 
preliminary  plastic  deformation  leads  to  the  increase  in  fatigue  strength 
of  the  material  both  in  air  and  in  liquid  metal.  Thus,  the  results  in 
Ref.  [289]  indicate  that  cold-hardening  does  not  cause  a  substantial 
change  in  the  degree  of  influence  of  the  liquid  metal  medium  on  the 
fatigue  strength  of  the  material  and  consequently  is  conducive  co 
strengthening  of  the  material  about  the  same  as  when  testing  in  air. 
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A  similar  conclusion  also  follows  from  Ref.  [29l]  in  which  the 

results  of  bending  tests  of  wire  sp  cimens  of  St.  40  as  received  and 

in  the  annealing  state  are  given.  Although  the  overall  cold-hardening 

of  the  material  does  not  affect  the  degree  of  decrease  of  fatigue  strength 

of  a  solid  metal  in  a  liquid  substantially,  local  plastic  deformation  may, 

however,  noticeably  decrease  the  effect  of  the  liquid  metal.  This  effect 

was  observed  by  V.  F.  Karpenko  during  the  cyclic  bend  test  of  L62  brass 

and  D1  Duralumin  [294].  He  asserted  that  liquid  mercury  causes  a  decrease 

in  the  endurance  of  these  materials,  however  its  adverse  effect  is 

significantly  weakened  after  rolling  the  surface  of  the  specimens. 

The  positive  influence  of  surface  cold-hardening  in  this  case  is 

determined  apparently  not  by  plastic  deformation  but  by  a  secondary 

effect.  It  is  well-known  that  deformation  of  specimens  by  rolling 

leads  to  residual  compressive  stresses  in  the  surface  layer  of  the  metal 

[295].  These  stresses  may  be  appreciable,  for  example,  in  steel  specimens 

2 

they  reached  50-70  kg/mra  .  The  appearance  of  compressive  residual  stresses 
in  the  surface  layer  leads  to  the  increase  of  specimen's  endurance  due 
to  a  decrease  in  the  active  stress  amplitude.  The  rolling  of  surface 
defects  in  the  structure  appears  to  be  also  one  of  the  factors  promoting 
the  decrease  of  the  effect  of  liquid  metal  on  the  fatigue  strength  of 
rolled  specimens  [294]. 
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c.  Influence  of  stress  concentrators 


It  has  been  determined  by  cyclic  bend  tests  that  the  material 
subjected  to  the  effect  of  liquid  metal  when  testing  smooth  specimens 
experience  its  effect  also  when  testing  specimens  with  notches. 

Fig.  118a  shows  the  fatigue  strength  curve  of  St.  50  at  a  tempera¬ 
ture  of  400°  C  in  air  and  in  the  melt  cf  eutectic  Pb-Bi  [296], 

F.xperiments  weve  carried  out  with  symmetrical  bending  of  specimens  at 
a  frequency  of  50  cycles/sec.  Smooth  cylindrical  specimens  and  specimens 
with  a  circumferential  notch  0.5  mm  deep  (working  area  16  mm  in  diameter), 
radius  at  the  tip  of  about  0.05  mm  and  an  angle  of  45°  were  tested. 

It  is  evident  from  Fig.  118a  that  the  liquid  metal  causes  a  decrease 
in  the  endurance  of  both  smooth  and  notched  specimens.  The  nature  of 
the  fatigue  curve  as  a  result  of  effect  of  liquid  metal  on  the  material 
does  not  change.  If  the  smooth  specimens  when  tested  in  air  do  not 
develop  a  true  endurance  limit  then  it  is  also  absent  when  testing 
the  specimens  in  liquid  metal.  The  true  endurance  limit  in  specimens 
with  stress  concentrators  was  also  observed  in  the  inactive  and  active 
medium.  The  degree  of  the  liquid  metal  effect  on  specimens  with  stress 
concentrators  is  greater  than  on  smooth  specimens  based  on  the  magnitude 
of  the  ratio  of  endurance  limits  in  liquid  metal  ar.d  in  air. 

It  has  been  determined  by  fatigue  tests  of  specimens  of  lKhl8N9T 
steel  with  circumferential  notches  under  symmetrical  bending  that  this 
material  at  a  temperature  of  500°  C  docs  not  have  a  true  endurance  limit  [297]. 
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Its  fatigue  strength  curve  in  coordinates  of  stress  amplitude  (the 
number  of  cycles  to  failure)  develops  a  break  in  the  region  of  small 
stress  amplitude  but  in  this  case  the  right  branch  of  the  curve  retains 
a  certain  slope  towards  the  abscissa,  i.e.  the  number  of  cycles  to 
failure  is  finite  under  any  load  (Fig,  118b).  The  fatigue  strength 
curve  of  lKhl8N9T  in  the  medium  of  liquid  eutectic  Pb-Bi  has  the  same 
shape,  however  it  falls  below  the  curve  corresponding  to  the  testing 
in  air.  It  should  be  rated  that  the  endurance  curves  in  air  and  in 
molten  metal  diverge  after  binding,  i.e.  the  effect  of  the  medium  in 
this  case  increases  continuously  with  the  decreasing  stress  amplitude. 

It  is  obvious  that  fatigue  strength  •  r*s  in  Fig.  118  do  not  indicate 
all  kinds  of  possible  material  endurance  both  in  the  inactive  medium  and 
in  the  aggressive  liquid  metal  when  testing  specimens  with  stress  con¬ 
centrators.  Although  there  are  no  pertinent  experimental  data,  it 
follows  from  the  general  presentations  on  the  effect  of  the  medium 
that  there  is  a  possibility  when  (for  example  during  corrosion  action) 
the  material  has  a  true  endurance  limit  in  air  and  not  in  liquid  metal. 

d.  Strenghtening  during  the  formation  of  intermetal lie  surface  layer 

The  effect  of  the  liquid  metals  does  not  always  cause  a  decrease  in 
fatigue  strength  of  solid  metals.  As  shown  by  M.  I.  Chayevskii  the 
endurance  of  the  material  in  liquid  metal  medium  is  increased  in  some 
cases  [298-303].  This  effect  was  observed  during  cyclic  deformation 
of  carbon  steels  and  chromium  nickel  austenitic  lKhl8N9T  steel  in  liquid 
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tin  and  eutectic  Pb-Sn. 


Fig.  119  shows  the  fatigue  strength  curve  of  St.  50  under  symmetrical 
bending  in  air  and  in  the  eutectic  Pb-Sn.  The  experiments  were  carried 
out  on  cylindrical  specimens,  smooth  and  with  circumferential  notches. 

The  test  temperature  in  all  cases  was  400°  C.  It  is  evident  from 
Fig.  119  that  under  the  action  of  eutectic  Pb-Sn  the  fatigue  strength 
of  steel  increases. 

The  strengthening  action  of  the  liquid  metal  appears  when  testing 
smooth  specimens  and  specimens  with  stress  concentrators.  The  degree 
of  strengthening  of  the  latter  however  is  greater.  Thus,  the  maximum 
increase  of  the  arbitrary  endurance  limit  in  liquid  metal  reaches  60% 
when  testing  specimens  with  stress  concentrators  and  only  12%  in  smooth 
specimens. 

A  similar  ratio  of  magnitudes  Of  strengthening  effect  of  smooth  and 
specimens  with  notches  was  also  observed  when  testing  other  types  of 
carbon  steels  and  l<hl8N9T  steel. 

M.  I.  Chayevskii  established  that  the  increase  In  fatigue  strength 
of  materials  is  determined  by  the  formation  of  .an  intermetallic  layer 
on  the  specimen's  surface.  In  case  of  steel  irt  contact  with  tin  or 
eutectic  Pb-Sn  the  intermetallic  compound  FeSn2  is  formed.  The  FeSn2 
lattice  is  larger  than  that  of  Fe.  For  this  reason  compressive  stresses 
arise  in  the  newly  formed  surface  layer. 

The  existence  of  compressive  stresses  was  confirmed  by  M.  I. 
Chayevskii  who  carried  out  experiments  with  steel  plates.  The  steel 
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plate  surface  was  coated  with  a  liquid  metal.  The  heating  of  these 

plates  is  accompanied  by  the  growth  of  an  intermetallic  layer  resulted 

in  their  bending  [302],  Compressive  stresses  in  the  surface  layer 

were  also  determined  quantitatively  [303]  by  the  methoJ  of  cutting 

ring  specimens  developed  by  N.  N.  Davidenko.  It  was  found  that  holding 

a  steel  container  with  molten  tin  at  a  temperature  of  400°  C  for  73  hrs 

2 

causes  the  appearance  of  compressive  stresses  of  up  to  20  kg/mm  . 

The  origination  of  compressive  stresses  in  the  surface  of  the 
specimens  during  the  interaction  with  liquid  metal  is  also  confirmed 
by  the  fact  that  greater  strengthening  occurs  in  notched  specimens 
than  in  smooth  ones.  These  effects  were  also  observed  when  testing 
specimens  having  compressive  stresses  due  to  surface  cold-hardening 
in  air  [295]. 

The  strengthening  action  of  tin  and  eutectic  Pb-Sn  on  steel  under 

cyclic  straining  is  not  observed  at  any  temperature.  The  experiments 

have  indicated  that  with  the  increase  of  temperature  the  strengthening 

effect  decreases  and  subsequently  gives  away  to  the  effect  of  decrease 

in  fatigue  strength.  For  example,  it  has  been  established  by  testing 

specimens  of  St.  35  with  stress  concentrators  that  the  endurance  limit  based 
7 

on  2  x  10  cycles  at  a  temperature  of  250°  C  in  the  medium  of  eutectic 
Pb-Sn  exceeds  the  limit  at  the  same  number  of  cycles  and  temperature 
in  air  by  a  factor  of  one  and  a  half  [ 30 1 J .  The  increase  of  test 
temperature  leads  to  the  continuous  decrease  of  ratio  of  tn^se  limits 
so  that  beginning  with  500°  C  it  becomes  less  than  unity,  i.e.  endurance 
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1 

of  steel  in  eutectic  Pb-Sn  at  this  temperature  becomes  lower  than 
endurance  in  air.  The  corrosive  action  of  liquid  metal  at  high 
temperatures  can  be  explained  in  this  case  by  the  intensive  disso¬ 
lution  process  [30l], 

The  strengthening  effect  of  steels  during  fatigue  tests  in  tin 
and  eutectic  Pb-Sn  is  observed  when  loading  specimens  .ot  only  by 
bending  but  also  by  torsion.  However,  under  the  second  type  of  loading 
the  degree  of  strengthening  is  lower  than  under  the  first.  This  dif¬ 
ference  becomes  clear  when  it  is  considered  that  the  formation  of 
a  surface  layer  with  compressive  stresses  by  any  method  (for  example, 
rolling)  leads  to  much  lower  strengthening  during  cyclic  twisting  than 
during  bending  in  air. 

The  strengthening  effect  of  liquid  eutectic  Pb-Sn  on  St.  50  is 
intensified  during  cyclic  twisting  as  shown  in  the  experiment  of  [296], 
if  the  specimen  was  aged  in  liquid  metal.  The  specimens  were  at  first 

loaded  with  a  stress  of  15  kg/mm2,  which  was  subsequently  increased  in 

2 

stages  by  0.3-0, 5  kg/ram  at  10  min  intervals  up  to  the  ultimate  testing 
value.  It  was  found  that  aging  in  liquid  metal  causes  an  increase  in  the 
endurance  limit  of  St.  50  by  40%  and  in  an  air  medium  only  by  10%.  It 
is  possible  that  during  this  aging  a  significant  role  is  played  by  the 
increase  in  soaking  time  of  specimen  in  liquid  metal  for  small  stresses 
when  there  is  not  fatigue  damage  and  the  thickness  of  the  intermetallic 
layer  increases.  Data  on  the  smaller  increase  of  fatigue  strength  of 
ateel  in  eutectic  Pb~Sn  if  the  specimens  are  not  previously  coated 
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indicate  the  important  role  of  time  in  the  experiments  under  considera¬ 
tion  [296,  303].  The  decrease  in  fatigue  strength  of  specimens  with 
notches  occurs  in  the  eutectic  at  a  large  stress  amplitude  (see  Fig.  119) 
and  increase  in  endurance  with  a  decreasing  loading  frequency  [222], 
Examination  of  Fig.  119  indicates  that  the  otre.-.gth^nir.g  during 
fatigue  tests  in  eutectic  Pb-Sn  should  disappear  at  a  given  number  of 
cycle  to  failure  exceeding  the  experimental  data.  This  action  of 
liquid  metal  is  apparently  associated  with  the  fact  that  the  inter- 
metallic  layer  after  reaching  a  certain  thickness  fails.  A  more 
durable  strengthening  during  cyclic  torsion  may  be  achieved  by  adding 
aluminum  into  liquid  lead  alloys  with  tin.  The  experiments  on 
St.  50  and  20Kh  steels  showed  that  additions  of  3.8%  A1  to  liquid 
metal  promoted  the  increase  of  its  strengthening  action.  This  is  also 
associated  with  the  formation  of  a  surface  layer  of  intermetallic 
compound.  In  the  Fe-Al  system  several  intermetallic  compounds  are  known: 
FeAl3,  Fe^l^,  FeAl2,  FeAl  and  Fe^Al  [119],  Possibly  one  or  several  of 
them  form  the  surface  layer  on  steel  during  cyclic  straining.  The 
presence  of  this  layer  was  confirmed  by  micro structural  analysis  of 
specimens  during  fatigue  tests  [223,  304],  In  view  of  the  layer  cracking 
on  the  specimens  subjected  to  long-term  tests  and  also  in  view  of  its 
intensive  growth  at  high  temperatures  the  method  of  strengthening  by 
introducing  aluminum  into  eutectic  Pb-Sn  is  apparently  useful  for  a 


short  time. 


e.  Damage  to  metal  In  the  process!  of  cyclic  load 


In  the  preceding  section  of  the  present  chapter  the  total  effect 
of  liquid  metal  on  the  solid  in  the  process  of  cyclic  straining  of  the 
latter  which  was  expressed  by  the  decrease  of  a  number  of  cycles  to 
failure  was  evaluated.  However,  the  effect  of  the  medium  on  the  metal 
during  deformation  is  a  continuously  developing  process.  Therefore 
for  each  stage  of  cyclic  straining  the  influence  of  liquid  metal  leads 
to  some  damage  to  the  solid  metal  which  is  continuously  intensified 
with  an  increasing  number  of  cycles. 

This  nature  of  liquid  metal  effect  on  a  solid  during  cyclic  straining 
was  confirmed  by  the  results  in  Refs.  [305-308],  The  mechanical  properties 
during  fracture  of  specimens  subjected  previously  to  a  thermal  fatigue 
test  for  a  period  of  a  different  number  of  cycles  were  determined. 

The  test  was  carried  out  on  wire  specimens  which  were  periodically 
heated  (by  passing  an  electric  current  through  them)  and  cooled.  The 
duration  of  heating  was  8  sec,  and  cooling  17  sec.  An  abrupt  change 
in  temperature  led  to  the  origination  of  thermal  stresses  in  specimen. 
Periodic  oscillations  of  these  stresses  caused  the  appearance  of  lateral 
cracks  in  the  surface  layer  of  specimens  coated  with  liquid  metals. 

In  specimens  coated  with  a  liquid  metal  there  were  no  cracks  even  at 
a  maximum  number  of  cycles,  such  as  1000. 

The  formation  of  cracks  and  other  microdefects  in  the  metal  structure 
during  cyclic  straining  was  due  to  the  decrease  of  its  strength  and 
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ductility  which  was  established  by  tensile  tests  of  specimens  with  a 
constant  deformation  rate.  Fig.  120  shows  the  dependence  of  damage 
to  annealed  nickel  coated  with  bismuth  on  the  number  of  cycles  to 
deformation.  In  order  to  prevent  damage  caused  by  liquid  metal  effect 
the  ratio  of  difference  in  strength  of  coated  and  uncoated  specimens 
to  strength  of  uncoated  specimen  was  used.  The  mechanical  properties 
of  the  metal  not  subjected  to  the  action  of  the  medium  should  be  taken 
into  account  because  cyclic  straining  also  damages  the  uncoated  metal. 

As  evident  from  Fig.  120  the  damage  to  nickel  under  the  action  of  liquid 
bismuth  is  continuously  intensified  with  an  increasing  number  of  cycles. 

A  similar  influence  was  also  obtained  when  testing  copper,  L62  brass 
and  phosphor  bronze  with  tin  and  other  type  coatings.  The  influence  of 
the  effect  of  liquid  metal  with  the  increase  of  the  upper  temperature  of 
the  cycle  and  lower  constant  temperature  has  been  determined,  i.e.  with 
the  increase  of  thermal  stresses.  The  decrease  of  the  effect  after  a 
given  number  of  cycles  or  beginning  with  a  certain  upper  temperature 
and  with  their  further  Increase  has  been  noted  in  certain  cases.  This 
result  can  be  associated  with  some  of  the  pecularities  of  physico-chemical 
interaction  between  liquid  and  solid  metals  as  well  as  with  the  oxidation 
of  the  coating  since  the  experiments  were  carried  out  in  air. 
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Table  .'3.  Values  of  limiting  crystallographic  shear 
during  brittle  fracture  of  zinc  single  crystals  on  basal  plane 


Specimens  coated  with 
mercury,  temperature  20°  C 

Specimens  without  surface 
coating,  temperature  -196°  C 

*; 

ac 

*i 

•c 

13 

0.33 

21 

0.74 

27 

0.28 

36 

0.60 

32 

0.20 

43 

0.24 

48 

0.17 

56 

0.13 

61 

0,09 

72 

0.08 

76 


0.04 


Tabla  34,  Mechanical,  properties  of  steel  type  St.  7  tested  in 
uniaxial  tension  and  torsion  at  350°  C 


Ten  sion 

Torsion 

Environment 

Strength 

kg/mm2 

Relative 

elongatlont7. 

Strength, 

kg/mm/ 

Relative 
elongation,  7. 

Air 

90.0 

20.5 

33.8 

41.9 

Tin 

57.4 

1.2 

34.1 

40.8 

105 


Table  35.  Mechanical  properties  of  30KhGSA  steel  in  air  and 
coated  with  tin  at  a  temperature  of  270-280°  C 


Thermal  treatment 
of  steel 

Uncoated  specimens 

Specimens  coated  with  tin 

oB. 

6».  % 

% 

°B' 

4».  % 

% 

Hardening  in  oil, 
tempering  at  350°C 
for  a  period  of  1  hr 

165.9 

13.3 

58.3 

115.2 

1.5 

2.0 

Hardening  in  oil, 
tempering  at  500°C 
for  a  period  of  1  hr 

121.0 

10.7 

52.0 

96.2 

2.7 

7.9 

Annealing 

66.4 

12.3 

30.2 

_ l 

63.6 

11.3 

25.4 

Table  36.  Mechanical  properties  of  coarse-grained  metals  wetted 

locally  with  liquid  metal 


Solid  metal 

Liquid  metal 

O  /O 

Temperature, 

Wetted  surface 

Yield  point, 
kg/mm^ 

Yield  strength, 
kg/mm^ 

Relative 
elongation, 7. 

Fe-37.  Si,  cast 

Li 

200 

23.8 

32.7 

20.0 

23.4 

24.0 

1  •  6 

23.6 

25.3 

1.6 

li 

24.3 

29.8 

7.0 

70/30  brass  cast 

Hg 

20 

1 

5.1 

17.7 

42 

4.6 

5.0 

2 

3.9 

6.1 

8 

5.1 

17.4 

43 

Al-67.  Mg,  cast 

Hg 

20 

1 

6.6 

10.1 

3 

- 

5.7 

0 

. 

4.9 

0 

7.1 

8.0 

1 

Cu,  cast 

Bi 

300 

1 

3.1 

11.0 

24 

3.0 

7.5 

8 

• 

*!: 

- 

- 

irk 

- 

Cu,  wrought 

Bi 

300 

1 

y  %  '? 

5.7 

20 

3 

3.2 

8.0 

4 

4 

- 

irk 

“ 

Al-47.  Cu,  wrought 

Hg 

20 

1 

8.6 

29.2 

14.5 

and  aged 

14.9 

20.5 

6 

12.6 

19.7 

7 

★ 


1 


unwetted  specimens;  2 
and  grains);  3  -  grain 


large  area  of  the  surface  wetted  ( grain -boundaries 
boundary  wetted  only;  4  -  grain  center  wetted  only. 


** Specimens  failed  ductilely  outside  the  wetted  area. 
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Table  37.  Mecliauic.il  properties  of  cooper  single  and  bicrystals 
in  the  presence  of  bismuth  at  350°  C 


Specimens 

tested 

Angle  between 
the  >>rain 
boundary  and 
tencion  a^is, 
deg 

Yield 

strength, 

kg/mm^ 

Relati ve 
elongation, 

7. 

Relative 
reduction 
in  area,  7. 

Single  crystals 

9.41 

45 

6u 

8.15 

45 

50 

Polycrystals 

- 

4.86 

- 

- 

Bicrystals 

90 

1.41 

- 

• 

60 

2.04 

5 

- 

45 

2.82 

10 

10 

30 

4.70 

25 

10 

It 

5.63 

30 

20 

0 

8.94 

40 

40 
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Table  38,  Influence  of  test  temperature  on  mechanical  properties  of  steels 


Material 

Temperature, 

°C 

Specimens  coated 
with  tin 

Specimens  without 
coating 

°B- 

kg/mnr 

«.  % 

kg/mm^ 

#.  •/. 

i&.  % 

30KhGSA  steel 

270-280 

96.2 

">  7 

7.9 

121.0 

10.7 

52.0 

(hardening  in  oil, 

400 

22.0 

0 

0 

105.0 

13.2 

36.7 

tempering  at  500°C 

500 

25.0 

0 

0 

86.0 

14.8 

77.8 

for  1  hr) 

40KhCSA  steel 

270-280 

75.5 

20.0 

66.3 

74.0 

21.2 

67.3 

(annealing) 

400 

68.7 

6.4 

11.0 

70.5 

22.7 

69.0 

500 

46.0 

2.0 

6.0 

59.8 

19.1 

72.0 

EI388. 

270-280 

73.3 

33.3 

50.5 

70.4 

30.8 

54.3 

400 

66.5 

26.0 

29.2 

72.0 

33.5 

51.0 

1 

500 

58.5 

i 

18.8 

i 

24.1 

71.5 

38.0 

38.2 
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Table  39.  Work  of  rupture  during  static  and  dynamic  bending  of 
notched  specimens  of  30KhGSA  steel  at  a  temperature  of  300°  C 


Thermal  treatment 
of  steel 

Surface 

coating 

Work  of  rupture,  kgm 

static 

bending 

dynamic 

bending 

Hardening  in  oil. 

22.3 

14.3 

tempering  at  300°C 

Sn 

0.35 

13.9 

for  1  hr 

Hardening  in  oil. 

19.5 

28.9 

tempering  at  500°C 

Sn 

0.97 

26.5 

for  l  hr 

li 

Table  40.  Influence  of  deformation  rate  on  mechanical  properties  of  copper 

at  room  temperature 


u 

<v 

0) 


•o 

c 

•H 

2 

o 


00 

c 


<3 

O 

U 


(0 

u 

2 

c 

o 


G  u 

O  £. 

<4-1  » 

ID 

O 


60 

C 

2 

-u 

W  CsJ 

e 

"O  6 

(0  00 
•H  ^ 


c 

o 

■H 

0)  xJ 

>  cd 

T-<  00 

J-»  c 

<3  O 

i-H 

0}  <D 
OS 


s 

6 

A 

0) 

4J 

H) 

E 

<3 


<3 

U 

o 


00 

c 


(d 

o 

u 


2 


c 

o 


0) 

o 


.c 

■U 

oo 

c 

0) 

•U 

torg 


0)  ao 

•H  .* 
>< 


0.03 


Hg 


Uncoated 


0.2 

40 

1000 

40 


19.7 

20.0 

22.2 

21.3 


34.5 

36 

44 

50 


0.1 


Hg 


Uncoated 


0.2 

40 

1000 

40 


19.0 
17. S 

20.4 

19.4 


20 

22 

30 

42 
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Re lative 
elongation 


Table  41.  Mechanical  properties  of  L68  brass  at  room  temperature 


Specimens  without  stress 
concentrators 

Specimens  with 

stress  concentrators 

Medium 

°D' 

kg/mm^ 

4.  % 

7. 

SK' 

■ 

4.  % 

S>.  •/. 

aeff 

Air 

36.3 

50.5 

59.5 

89.7 

30.1 

25.0 

15.2 

36.7 

0.83 

Mercury 

16.5 

7.0 

10.0 

18.6 

16.3 

9.0 

8.0 

18.4 

0.99 
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Table  42.  Influence  of  cold-hardening  at  20°  C  on  the  magnitude  of  normal 
fracture  stresses  of  zinc  single  crystals  coated  with  mercury  at  20° 

and  uncoated  at  -185°  C 


Preliminary 
deformation 
(elongation),  7 

2 

Normal  fracture  stress,  kg/mm 

Uncoated  specimens 

Specimens  with  mercury 
coating 

0 

1.8 

0.8 

50 

2.6 

2.0 

150 

4.8 

4.2 

300 

7.6 

5.2 

450 

9.6 

5.4 

I 

j 

j 


3 


Table  43.  Strength  of  aluminum  alloy  2024-T3  during  constant  rate 
tension  of  2.5  mm/min  in  contact  with  amalgams  of  different  composition 


Composition  of 
amalgams,  wt.  7. 

Maximum  breaking  load 

vg 

Per  cent  of 
ultimate  load 

Hg 

3080 

80 

Hg+O.25%  Zn 

2580 

67 

Hg+0.57.  Zn 

2527 

65.5 

Hg+17.  Zn 

2560 

66.5 

Hg+27.  Zn 

2215 

57.5 

Hg+4%  Zn 

1910 

49.5 

Hg+87o  Zn 

2042 

53 

Hg+O.25%  Ga 

2660 

69 

Hg+17.  Ga 

1785 

46 

Hg+?7.  Ga 

1005 

26 

Hg+47.  Ga 

893 

23 

Hg+87.  Ga 

870 

22.5 

Hg+17  Na 

2700 

70.1 

Hg+1.57.  Na 

2913 

75.6 

Hg+2%  Na 

2802 

72.7 

Hg+O.25%  Cd 

2904 

75.5 

Hg+0 . 57.  Cd 

2990 

77.6 

Hg+17.  Cd 

2970 

77.0 

Hg+2%  Cd 

2994 

77.9 

Hg+4%  id 

2885 

75.0 

Hg+0.25%  Sn 

3300 

85.6 

Hg+0.5%  Sn 

3193 

83.0 

Hg+17.  Sn 

38  2  5 

99.2 

Hg+27.  S.i 

3150 

78.2 

Hg+47.  Sn 

3665 

95.0 

Hg+O.25%  Mg 

3551 

92.1 

Hg+0.57.  Mg 

2795 

72.6 

Hg+1%.  Mg 

2940 

76.4 

Hg+27.  Mg 

2800 

72.7 
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Table  44.  Values  of  relative  elongation  during  fracture  under  testing 
conditions  for  long-term  strength  of  copper,  Armco-iron  and  E1612  steel 


Material 

Medium 

Temperature, 

°c 

i 

Time  to 
failure,  hr 

Relative 
elongation 
during  fracture, 

% 

Cu 

Air 

350 

10 

4.02 

350 

21 

5.11 

350 

45 

3.12 

350 

181 

4.34 

350 

215 

1.64 

Cu 

Bi 

350 

9 

0.18 

350 

74 

0.28 

350 

284 

0.15 

Armco-lron 

Air 

500 

4.5 

10.37 

500 

23 

17.64 

500 

45 

11.03 

500 

500 

13.96 

Armco-iron 

Zn 

500 

14 

6.55 

500 

40 

4.32 

500 

97 

3.00 

500 

364 

4.03 

EI612  steel 

Air 

1000 

18 

9.06 

1000 

72 

7.03 

1000 

147 

2.90 

EI612  steel 

Li 

1000 

10 

4.16 

1000 

46 

2.37 

1000 

315 

0.81 
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Table  45.  Results  of  long-term  strength  tests  of  EI612  steel  in  air 
and  in  convection  flow  of  lithium 


Tabic  46.  Values  of  relative  elongation  during  fracture  under  testing 
conditions  for  long-term  strength  of  specimens  of  E1869  alloys  in 


liquid  sodium  and  in  air  at  a  temperature  of  750°  C  and  a  stress 
_ of  20  kg/mm^ _ _ 
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Cd  *0  *r4 
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0.15 
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0.13 
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0.33 
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0.68 
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0.38 

0.15 
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Table  47.  Values  of  steady-state  creep  rate  of  zinc  single  crystals 
coated  with  tin  (  )  and  uncoated  (  v  ) 


Temperature,  °C 

2 

Stress, g/mm 

i 

r-  %/min 

V  7./min 

Vc 

200 

76 

0.7 

0.2 

0.3 

280 

51 

1.7 

10.0 

6.0 

350 

19 

i 

t 

1.0 

15.0 

15.0 
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Table  48.  Values  of  decrement  coefficients  of  creep  limits  for  E1927 
alloy  in  liquid  sodium  and  EI612  steel  in  liquid  lithium 


Material 


Decrement  coefficient  of  creep 
limit  Kon  at  a  creep  rate,  \  hr 

Temperature,  °C 
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Table  49.  Results  of  bend  tests  for  wire  specimens  of  St.  40  in  mercury 
and  in  air  at  room  temperature 


■  r  t 

Radius 

i —  -  —  '  -  - 

Steel  as  delivered 

Steel  after 

annealing  at  840°  C 

of  grip 
jaws,  mm 

Number  of 
bends  in 
air, 

Number  of 
bends  in 
mercury, 

V". 

Number  of 
bends  in 
air, 

Number  of 
bends  in 
mercury. 

P,n. 

1.0 

9.70 

7.34 

0.78 

8.6 

6.84 

0.79 

2.0 

18.40 

16.60 

0.90 

10.44 

9.50 

0.91 

m 

26.80 

25.90 

0.97 

12.70 

11.92 

0.94 

120 


Table  50,  Results  of  fatigue  tests  during  symmetrical  bending  of  steels 
and  alloys  in  air  and  in  liquid  sodium 


Material 

Temperature, 

°C 

Medium 

2 

Arbitrary  fatigue  limit,  kg/mm  , 
in  air  and  in  sodium  based  on  cycles 

10A 

105 

10  6 

EI437B 

700 

Air 

1 

37.0 

32.0 

Na 

37.0 

32.0 

EI855 

700 

Air 

22.5 

13.0 

Na 

22.5 

19.0 

EI850 

700 

Air 

23.0 

20.0 

17.0 

Na 

23.0 

20.0 

17.0 

EI853 

600 

Air 

24.0 

21.0 

18.0 

Na 

24.0 

21.0 

18.0 

ISKhMA 

500 

Air 

mm 

25.0 

22.5 

Na 

■ 

25.0 

22.5 
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Fig.  72.  Dependence  of  true  stress  S  on  the  relative  elongation 
of  zinc  single  crystals  uncoated  (1)  and  coated  with  tin  (2). 
The  initial  angl  between  basal  plant,  and  specimen's  axis 
is  440.  xhe  test  temperature  is  shown  on  the  graph. 
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Fig.  73.  Orientation  dependence  of  true  fracture  stresses 
for  zinc  single  crystal  uncoated  at  room  temperature 
of  -196°  c  (1)  and  coated  with  mercury  at 
room  temperature  (2). 
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Fig.  74.  Orientation  dependence  of  non:ial  pc  and  shear  fc 
stresses  for  zinc  single  crystals  during  fracture: 

a  -  uncoated  at  a  temperature  of  -196°  C; 
b  -  coated  with  mercury  at  a  temperature  of  20°  C 
(  x^  is  the  angle  between  basal  plane  and  specimen’s 
axis  during  fracture); 

Cl.  ■  -  ?,  ; 

a.  a  -  \  • 


124 


Fig.  75.  Stress-strain  curves  for  30KhGSA  steel  after 
high  tempering  in  air  (1),  in  liquid  bismuth  (2), 
eutectic  Pb-Bi  (3)  and  alloy  Pb-Sn  (4)  at  a 
temperature  of  500°  C, 
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a.  i» 


tlonship  between  strength  of 
mercury  and  In  air  on 
1  strength  (in  air). 


Fie  77.  Dependence  of  true  strength  (a)  and  elongation 
^lE  during  fracture  <b,  on  the  ««,parat„ra  £o  pure 
(1,  3)  and  coated  with  mercury  12,  4)  tin 
single  crystals  with 
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Fig.  78.  Relative  decrease  of  strength  (a)  and  ductility  (b) 
for  steels  in  liquid  tin  as  a  function  of  temperature: 

C* rhon  content:  1  -  0.057.;  2  -  0.357.;  3  -  0.557.;  4  -  0.737.;  5  -  l.C 


Fig.  30.  Dependence  of  true  strength  and  limiting  relative 
elongation  on  the  logarithm  of  reciprocal  of  deformation 
rate  for  pure  (1,  3)  and  coated  with  mercury  (2,  4) 
tin  single  crystals  with  x*  =  55®  at 
room  temperature. 
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Fig.  79.  Strength  and  relative  reduction  in  area  for  EI878  (a) 
and  lKhl8N9T  (b)  steels  at  different  temperatures: 

1  -  uncoated  specimens; 

2  -  specimens  coated  vith  zinc. 
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Fig.  81,  Scress-strair  curves  for  specimens  of  St.  20 

tested  at  4oo°C: 

1  ••  testing  in  air  at  v  =  10  mm/min; 

2  -  testing  in  air  at  v  =  0.055  mm/min; 

3  -  testing  coated  specimens  in  a  melt  of  eutectic  Pb-Sn 

at  v  =  10  mm/min; 

4  -  testing  coated  specimens  in  a  melt  of  eutectic  Pb-Sn 

at  v  =  0.055  mm/min; 

5  -  testing  coated  specimens  in  a  melt  of  eutectic  Pb-Bi 

at  i’  =  10  mm/min; 

6  -  testing  coated  specimens  in  a  melt  of  eutectic  Pb-Bi 

at  v  =  0.055  mm/min. 


131 


Fig.  82.  Dependence  of  tensile  strength  of  70/30  brass  on 
the  average  grain  diameter  at  room  temperature: 

1  -  uncoated  specimens; 

2  -  specimens  coated  with  mercury. 
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Fig.  83.  Dependence  of  yield  point  (1)  and  true  tensile 
strength  (2)  for  70/30  brass  coated  with  mercury  on 
the  average  grain  diameter. 
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fig.  85.  influence  cf  stress  concentrator  in  the 
form  of  a  groove  in  the  lateral  surface  of  the 
flat  specimen  on  the  magnitude  of  tensile 
stress  of  aluminum  alloy  at  room  tem¬ 
perature: 

1  •  testing  in  air; 

2  -  testing  in  mercury. 
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Fig.  86.  Influence  of  cold-working  by  tension  on  the 
mechanical  properties  of  L62  brass  in  air  and  in 
mercury  at  room  temperature: 

1  and  1*  -  strength; 

2  and  2*  -  yield  point; 

3  and  3*  -  relative  reduction  in  area; 

4  and  4*  -  relative  elongation. 

1,  2,  3,  4  -  in  air; 

1*,  2*.  3*,  4*  -  in  mercury. 
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Fig. 87.  Dependence  of  true  tensile  stress  of  70/30  brass 
coated  with  mercury  on  the  degree  of  preliminary  plastic 
deformation  (  £dp  )  at  room  temperature: 

Average  grain  diameter:  1  -  0.032  mm; 

2  -  0,08  mm; 

3  -  0.16  mm; 

4  -  0.275  mm; 

5  -  0.366  mm. 
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Fig.  88.  Influence  aging  duration  of  aluminum  alloy  at 
room  temperature  after  hardening  in  cold  (°C)  water 
on  its  yield  point  when  testing  in  air  (1)  and 
strength  when  testing  in  liquid  mercury  (2). 
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Fig.  89.  Dependence  of  yield  point  and  decrease  of 
relative  elongation  of  alloy  Cu  -  27=  Be  in  contact 
with  liquid  metal  (Hg  -  27=  Na)  on  the  duration 
of  aging  at  370°  C: 

1  -  hardened  alloy; 

2  -  hardened  and  cold- worked. 
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Fie.  90.  Stress-strain  curves  for  specimens  of  jOKh  steel 
with  stress-concentrators  after  various  thermal  and 
thermoraechanical  treatments: 

a  -  testing  at  400°  C. 

1,  I  -  oil  hardening  at  850  C; 

2,  II  -  therraomechanical  treatment  (TMT)  by  rovlin*; 

3,  III  -  oil  hardening  at  850°  C,  rolling  at  room  temperature 

b  -  testing  at  500°  C. 

I  I  -  oil  hardening  at  850°  C; 

2,  H  -  thentvomechanical  treatment  by  rooling; 

3,  III  -  thermomechanical  treatment  with  deformation  by 

torsion  (angle  -  0,5  rad); 

4,  IV  -  normalization,  rolling  at  room  temperature; 

t  2  3»  4  -  testing  in  air; 

I*  II, III,  IV  -  test  specimens  coated  with  eutectic  B-  n. 
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Fig.  91.  Dependence  of  true  tensile  strength  (1)  and 
relative  elongation  during  fracture  (2)  of  zinc 
single  crystals  (  Xo  =  42°  )  on  the  tin  con¬ 

centration  in  pt-Sn  alloys  at  3500  C. 


(a) 


Fig.  92.  a  -  Influence  of  electron  irradiation  on  the  deformation 
process  of  zinc  single  crystals  (  Xo*4  50  )  coated  with  mercury. 

Single  crystals  after  being  amalgamated  were  exposed  to  7  day  (1) 
or  to  15  mm  (2)  irradiation  and  were  stretched  under  irradiation: 

-  test  specimens  ( nonirradiated) ; 

-  irradiated  specimens. 

b  -  Dependence  of  strength  of  amalgamated  (1)  and  pure  (2) 
zinc  single  crystals  on  the  duration  of  preliminary 
electron  irradiation. 
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Fig.  93.  Dependence  of  the  time  to  rupture  on  the  stress: 

a  -  for  zinc  single  crystals  (  x.  «s'>o*  ); 

1,  2  -  nonamalgamated  specimens  at  20  and  50°  C  respectively; 

3,  4  -  amalgamated  specimens  at  those  same  temperatures; 

b  -  for  polycrystalline  zinc; 

1,  2  -  nonamalgamated  specimens  at  20  and  100°  C; 

3,  4  -  amalgamated  specimens  at  those  same  temperatures. 
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1  -  testing  in  air; 

2  -  testing  in  bismuth; 

3  -  testing  in  zinc; 

A  -  testing  in  lithium. 


Fig.  95.  Diagram  showing  the  arrangement  of  the  specimen 
in  machine  grips  during  long-term  strength  test  in 
convection  flow  of  liquid  metal: 

1  -  upper  grip; 

2  -  thermocouple  pocket; 

3  -  elongation  tube; 

4  -  crossarms  of  extensiometer; 

5  -  specimen; 

6  -  thermocouple; 

7  -  lower  grip; 

8  -  crossbar  of  extensiometer. 
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(a) 


(b) 


Fig.  96.  Dependence  of  the  time  to  rupture  on  the  reciprocal 
of  temperature  for  copper  under  a  stress  of  4  kg/mrr.2  (a) 
and  Armco-iron  under  a  stress  of  7  kg/mm^  ( b) : 

1  -  testing  in  air; 

2  -  testing  in  liquid  bismuth; 

3  -  testing  in  liquid  zinc. 
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Fig.  97.  Long-term  strength  curve  for  alloy  E1827  at  a  temperature 
of  600  (1),  750  (2),  800  (3)  and  900°  C  (4)  in  a  convection  flow 
of  sodium  (  Q)  )  and  in  air  (  ^  ) . 

A  •  testing  in  sodium  under  static  isothermal  conditions  at  "’50°  C. 
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Fig.  98,  Dependence  on  the  tempera  “  u 

decreasing  the  long-term  strength  of  E1827  alloy 
In  a  convection  flow  of  liquid  sodium. 

.  t  -  too  hrs; 

1  - 


2  -  *  -  iooo  hrs. 
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Fig.  99.  Dependence  of  the  coefficient  of  decrease  of 
long-term  strength  of  steels  in  liquid  bismuth  on 
the  value  of  their  strength  in  air. 

Tests  were  carried  out  at  a  temperature  of  700°  C. 


149 


Fig.  100.  a  -  Dependence  of  the  time  to  rupture  of  specimens  of 
EI869  alley  on  the  thickness  of  th  ;ir  walls  during  long-term 
strength  test  in  liquid  sodium  (1.  and  in  air  (2)  at  a 
temperature  of  750°  C  and  under  stress  of  20  kg/mm  . 

b  -  Dependence  of  ratio  of  time  to  rupture  in  sodium  to  time  to 
rupture  in  air  on  the  wall  tchi’.ness  of  specimens  of  E1869 
alloy  under  those  same  test  conditions. 
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Fig.  101.  Long-term  strength  curve  for  brass  type  LS59-1  in 
liquid  mercury  (  O  )  and  in  air  (  X  )  at  room  temperature. 

Average  grain  diameter:  50  microns  (1); 

220  microns  (2); 

280  microns  (3). 
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Fig.  102.  Long-term  strength  curve  for  E1765  alloy  at 
a  temperature  of  750°  C: 

-  testing  in  air; 

-  testing  in  pure  sodium  (0,017.  by  wt.  Oj) 

-  testing  in  sodium  contaminated  with  oxygen  (107,  by  wt.  O2) . 


152 


6ta/KH* 

10 


(&) 


Fig.  103.  a  -  Time  dependence  of  strength  for  EI617 
alloy  at  a  temperature  of  1000°  C. 

b.  Dependence  of  limiting  relative  elongation  on 
the  stress  during  long-term  strength  test: 

-  testing  in  air; 

-  testing  in  unpurlfied  sodium. 
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Fig.  104.  Dependence  of  ratio  of  long-term  strength  after 
10  hrs  in  liquid  tin  and  in  air  on  the  zinc-content 
in  brass.  The  test  temperature  was  240°  C. 


0  SO  120  ISO  tfMUH 


,  Creep  curves  for  pure  zinc  single  crystals  (1) 
ited  with  tin  (2)  at  a  temperature  of  350°  C 
and  under  a  stress  of  19.1  g/mm^. 
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Fig.  106.  Dependence  of  mean  creep  rate  in  the  first  stage  (a) 
and  steady-state  creep  rate  (b)  on  the  stress  for  copper 
in  air  (l)  and  in  liquid  bismuth  (2)  at  a  temperature 

of  350°  C. 
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FiR.  107.  Dependence  of  the  duration  of  the  first,  second, 
and  third  stages  of  creep  (  T>  >  and  relative  elon¬ 

gation  (  A|.  fia,  )  on  the  stress  for  copper  in  liquid 
bismuth  (  O  )  and  in  air  (  5$  )  at  a  temperature 

of  350°  C. 
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Fig.  108.  Dependence  of  steady-state  creep  rate  on  the  stress 
of  lKhl4N14MZB  steel  at  a  temperature  of  700°  C  in  air  (1) 
and  in  a  convection  flow  of  liquid  sodium  (2). 
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(b) 


Fig.  109,  Temperature  dependence  of  steady-state  creep 
rate  for  copper  under  a. stress  of  4  kg/mm1 2  (a)  and 
Armco-iron  under  a  stress  of  7  kg/mm2  (b): 


1  -  testing  in  air; 

2  -  testing  in  liquid  zinc. 
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Fig.  110.  Dependence  of  steady-state  creep  rate  on  the 
stress  for  EI827  alloy  at  a  temperature  of  600  U), 

750  (  2),  800  (  3)  and  900°  C  (4)  in  air  (  09  >  and 
in  a  convection  of  liquid  sodium  (  O  >• 
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FIk  111.  i  -  Dependence  o f  steady-state  creep  rate  of  specimens 
of *EI869  alloy  on  the  thickness  of  their  walls  when  testing 
in  liquid  sodium  (1)  and  In  air  (2)  at  a  temperature  of 
750°  C  and  under  a  stress  of  20  kg/mra  , 

b  -  Dependence  of  ratio  of  creep  rate  in  sodl urn and In  air 
on  the  wall  thicknesses  of  specimens  of  E1369  alloy 
under  identical  experimental  conditions. 
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Fig.  112.  Dependence  of  coefficient  of  decrease  of 
steady-state  creep  rate  of  zinc  single  crystals 
in  liquid  metal  on  the  tin  content  in 
alloys  with  lead. 
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Fig.  113.  Dependence  of  steady-state  creep  rate  of  EI851 
steel  on  the  stress  at  a  temperature  of  700°  C: 

-  testing  in  air; 

-  testing  in  pure  sodium; 

-  testing  in  sodium  contaminated  with  oxygen. 
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Fig.  114.  Fatigue  strength  curves  for  EI617  alloy 
at  a  temperature  of  700°  C  in  air  (1)  and  in 
liquid  lead  (2). 
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Fig.  115.  Fatigue  strength  curve  when  bending  annealed 
70/30  brasSat  room  temperature: 

1  -  specimens  without  surface  coating; 

2  -  specimens  coated  with  mercury. 
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Fig.  116.  Dependence  of  torque  on  the  total  angle  of  twist 
of  70/30  brass  tested  for  fatigue  in  torsion  at  room 
temperature.  Solid  lines  represent  testing  in 
mercury,  broken  lines  represent  testing  in  air. 

Deformation  amplitude:  1  -  1°; 

2  -  3°; 

3  -  4°; 

4  -  5°; 

5  -  7.5°; 

6  -  10°; 

7  -  15°; 

8  -  20°; 

9-40°. 
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Fig.  117.  Fatigue  strength  curve  for  cold-worked 
70/30  brass  bent  at  room  temperature: 

1  -  specimens  without  surface  coating; 

2  -  specimens  coated  with  mercury. 
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(a) 


(b) 


Fig.  118.  a  -  Fatigue  strength  curve  for  normalized  St.  50  bent 
at  a  frequency  of  50  cycles/sec  a  .  a  temperature  of  400°  C: 

1,  2  -  Smooth  specimens; 

3,  4  -  Specimens  with  notches; 

1,  3  -  testing  in  air; 

2,  4  -  testing  in  eutectic  Pb-Bi. 

b.  Fatigue  strength  curve  for  lKhl8N9T  steel  bent  at  a 
frequency  of  40  cycles/ sec  (hardening  in  water  at  a 
temperature  of  500°  C.  Specimens  with  notches; 

O  -  testing  in  air; 

O  -  testing  in  eutectic  Pb-Bl. 


Fig.  119.  Fatigue  strength  curve  of  normalized  St.  50 
under  symmetrical  bending  at  a  temperature  of  400°  C: 

1,  2  -  Smooth  specimens; 

3,  4  -  Specimens  with  circumferential  notches; 

O  -  testing  in  air; 

Q  -  testing  in  eutectic  Pb-Sn. 
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Fig.  120.  Dependence  of  damage  to  nickel  coated 
with  bismuth  on  the  number  of  cycles  to 
deformation.  Change  in  temperature 
when  testing  within  80-800°  C. 
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PART  II 


CHAPTER  5 

MECHANISM  OF  REACTION  OF  LIQUID 
METALS  ON  SOLIDS  IN  A  STRESSED  STATE 


Three  Factors  Determining  The  Action  of 
Liquid  Metals 

It  was  stated  in  the  introduction  to  Chapter  II  of  this 
book  that  the  influence  of  liquid  metals  on  solids  during  the 
process  of  deformation  may  result  from  three  factors:  adsorption, 
diffusion  and  corrosion.  Certain  effects  related  to  the  influence 
of  each  of  these  three  were  described  in  the  preceding  four 
chapters.  The  appearance  of  each  factor  was  generally  related  to 
specific  conditions  of  experiments,  which  were  selected  so  as  to 
demonstrate  the  action  of  the  factor  in  question.  It  must  be 
expected  that  in  many  cases,  particularly  when  a  material 
operates  over  an  extended  period  of  time,  tne  influence  of  a  liquid - 
metal  medium  may  be  the  result  of  the  influence  of  all  three 
factors.  It  is  therefore  of  interest  to  perform  experiments  which 
do  not  give  preference  to  any  of  these  factors,  then  eliminate 
each  one  in  sequence,  in  order  to  determine  the  nature  and 
relative  share  of  the  influence  of  each  one  individually. 

It  was  decided  to  perform  an  experiment  on  the  long  term 
strength  of  armco  iron  in  liquid  zinc.  As  we  know,  zinc  diffuses 
into  iron  even  at  relatively  low  temperatures  £309-311]  ,  the 
diffusion  of  the  zinc  occurring  at  rather  high  st>eed.  For 
example,  according  to  the  data  of  [_  310.J  ,  at  500c  C,  zinc 
penetrates  into  iron  to  a  depth  of  75  /<.  and  10  min.  We  also 
know  that  iron  is  corroded  in  liquid  zinc,  primarily  a  result  of 
its  dissolution  C312,  313^]  •  It  has  been  experimentally 
established  that  zinc  wets  iron  f3lVj  ;  consequently,  it  is  an 
adsorption-active  medium.  Thus,  the  appearance  of  all  three 
factors  --  the  adsorption,  corrosion  and  diffusion  factors  —  is 
possible  in  principle  as  iron  is  deformed  in  liquid  zinc. 
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Long  term  strength  tests  of  armco-iron  were  performed  at 
500  C,  Tubular  machined  specimens  were  used;  the  external 
diameter  of  the  gauge  section  was  11  mm,  the  wall  thickness  was 
0,5mm.  After  preparation,  the  specimens  were  annealed  in  a 
vacuum  (about  10"^  mm  Hg)  at  600°  C  for  five  hours*  During  the 
test,  the  liquid  metal  was  held  in  the  internal  cavity  of  the 
specimen.  The  internal  volume  was  sealed  by  welding  on  a  cap  made 
of  armco  iron  like  the  specimen.  Before  welding,  the  free  space 
beneath  the  cap  was  blown  through  with  argon.  Specimens  were  test¬ 
ed  for  long  term  strength  with  monaxial  extension  using  UIM-5 
machines. 

In  order  to  determine  the  role  of  the  adsorption,  corrosion 
and  diffusion  factors  in  the  overall  effect  of  reduction  of  long 
term  strength  of  the  iron  in  zinc,  four  series  of  tests  were 
performed.  The  specimens  in  the  first  series  were  used  to  test 
the  properties  of  armco  iron  without  the  influence  of  the  liquid 
metal.  These  specimens  were  not  filled  with  liquid  metal,  but 
their  internal  cavity  was  sealed  with  a  plug.  The  specimens  of 
the  second  series  was  filled  with  zinc  (TSV  zinc  was  used).  The 
testing  of  these  specimens  did  show  the  change  in  long  term 
strength  of  the  iron  under  the  simultaneous  influence  of  the 
adsorption,  corrosion  and  diffusion  factors.  The  third  series  of 
specimens  was  filled  with  zinc  saturated  with  iron.  Saturation 
of  the  zinc  was  performed  by  holding  it  at  600°  C  for  fifty  hours 
in  a  tank  made  of  armco  iron  containing  iron  filings.  Thus,  the 
corrosion  effect  of  the  liquid  metal  was  eliminated  in  the  third 
series  of  experiments  and,  consequently,  the  change  in  long  term 
strength  could  have  been  caused  only  by  adsorption  effects  and 
diffusion  of  zinc  into  the  iron. 

It  should  be  noted  that  zinc  forma  intermetallic  compounds 
with  irons  so  that,  strictly  speaking,  corrosion  of  the  iron  by 
zinc  is  related  to  dissolution  and  formation  and  intermetallides. 
However,  since  the  formation  of  the  layer  of  intermetallic 
compounds  can  only  result  in  an  increase  in  time  to  rupture  of 
the  specimen  in  the  case  of  good  bonding  with  the  surface,  as  has 
been  established  for  example  in  the  testing  of  materials  for 
fatigue  (see  Chapter  IV,  Section  4),  only  the  process  of 
dissolution  of  iron  in  the  liquid  metal  should  be  considered  in  an 
analysis  of  the  affect  of  decreasing  long  term  strength  as  a 
result  of  the  corrosion  factor.  It  will  be  shown  below  that  the 
bonding  of  the  layer  of  iron-zinc  intermetallides  to  the  surface 
of  the  specimen  was  poor  in  the  experiments.  This  allows  us  in 
this  case  to  limit  ourselves  to  consideration  of  the  influence  of 
the  dissolution  process  alone. 

Specimens  used  in  the  fourth  series  of  experiments  were 
filled  with  iron-zinc  alloy  powder,  which  did  not  melt  at  the 
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long  term  strength  testing  temperature  of  500°  C.  The  alloy  was 
made  (iron  gontent  about  1.5  weight  %)  so  that  its  melting  point 
was  6OO-65O  C.  Consequently,  the  wall  of  the  specimen  in  this 
case  contacted  not  liquid  metal  but  a  finely  dispersed  powder. 

Since  the  melting  point  was  only  slightly  higher  than  the  experi¬ 
mental  temperature,  and  since  it  was  well  packed  into  the  specimen, 
the  powder  is  rapidly  sintered,  and  the  internal  aurface  of  the 
specimen  becomes  a  boundary  between  two  solid  phases.*  Obviously, 
the  free  surface  energy  of  this  boundary  is  higher  than  the  energy 
of  a  solid  iron  —  liquid  zinc  boundary.  Therefore,  specimens  of 
the  fourth  series  should  have  greater  long  term  strength  than 
specimens  of  the  third  series.  The  increase  in  long  term  strength 
results  from  weakening  of  the  influence  of  the  adsorption  factor. 

The  diffusion  factor  was  present  in  the  fourth  series  of 
experiments  to  the  same  extent  as  in  the  third  series.  Some 
difference  was  possible  only  with  brief  experimental  time;  as 
concerns  specimens  tested  for  ten  or  hundreds  of  hours,  the 
diffusion  influence  of  the  medium  was  doubtless  identical. 

The  results  of  long  term  strength  tests  are  shown  on 
Figure  21  in  the  form  of  the  time  to  rupture  as  a  function  of 
stress.  As  can  be  seen  from  the  graph,  zinc  is  a  highly  corrosive 
medium  in  relation  to  iron.  Whereas  the  tensile  strength  of 
armco  iron  after  1000  hours  without  the  influence  of  the  liquid 
metal  is  8.5  kg/mm  ,  in  zinc  the  strength  is  only  2.2  kg/mm^.  The 
effect  of  the  zinc  on  the  armco  iron  is  weakened  by  saturating 
the  liquid  metal  with  iron,  that  is  by  eliminating  the  influence 
of  the  corrosion  factor.  In  this  case,  the  long  term  tensile 
strength  is  5.0  kg/mm2.  'Weakening  the  adsorption  factor  causes 
a  further  increase  in  long  term  strength  of  armco  iron:  the  long 
term  tensile  strength  determined  in  the  fourth  series  of  experi¬ 
ments  was  3.6  kg/mm". 

In  all  cases,  the  influence  of  the  medium  increases  with 
increasing  test  duration  and  correspondingly  with  decreasing  stress 
applied  to  the  specimen.  An  exponential  dependence  is  observed 
between  stress  and  time  to  failure  for  specimens  in  all  series. 

The  affect  of  the  zinc  leads  not  only  to  a  decrease  in  the 
total  life  time  of  specimens,  but  also  to  a  decrease  in  all 
individual  creep  periods.  (Figure  122).  The  greatest  decrease  in 
the  lengths  of  the  second  and  third  creep  periods  is  caused  by  the 
pure  zinc. 

* 

Sintering  cf  the  powdor  was  noted  in  all  specimens  tested  for 
long  term  strength;  after  rupture  ein taring  was  found  to  be 
practically  independent  of  teat  duration. 
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Figure  121.  Diagram  of  long  tern  tensile  strength 
of  armco  iron  at  500°  C;  tested  in  air  (1) 
in  pure  liquid  zinc  (2),  in  iron-saturated 
liquid  zinc  (3)  and  in  contaot  with  solid 
iron-zinc  alloy  (4). 

The  relative  elongation  of  the  specimens  as  a  result  of  the 
creep  during  the  time  to  rupture  is  also  reduced  as  a  result  of 
the  zinc.  Thus,  whereas  the  elongation  of  specimens  tested  with¬ 
out  zinc  fluctuates  between  10  and  18%,  the  relative  elongation  of 
specimens  exposed  to  zinc  lies  between  2  and  10%. 

The  influence  of  the  zinc  is  also  manifested  in  an  increase 
in  the  creep  rate  of  the  armco  iron.  We  can  see  from  Figure  123 
that  the  rate  of  stable  creep  is  most  strongly  Increased  in  pure 
zinc,  although  the  results  for  the  pure  medium  and  the  iron- 
saturated  medium  correspond.  Consequently,  in  this  case  elimina¬ 
tion  of  the  corrosion  factor  had  no  influence  on  the  creep  rate  of 
the  iron.  The  diffusion  influence  of  zinc,  as  the  results  of 
tests  in  the  fourth  series  of  experiments  show,  also  facilitates 
a  rise  in  the  creep  rate  of  armco  iron.  The  difference  in  the 
creep  rates  in  air  and  in  contact  with  zinc  increases  when  the 
stress  is  decreased.  An  exponential  dependence  between  applied 
stress  and  rate  of  stable  creep  is  observed  when  specimens  are 
tested  in  air  and  in  contact  with  zinc.  The  regularities  of  a 
change  in  the  stable  creep  rate  are  similar  to  the  regularities 
of  the  change  in  average  velocities  of  creep  during  the  first  and 
third  periods. 

Studies  of  the  microstructures  of  the  long  term  strength 
specimens  after  rupture  showed  that  the  influence  of  the  zinc  in 
all  cases  leads  to  an  Increase  in  the  numbvr  of  intercrystalline 
cracks.  In  specimens  tested  for  extended  periods  of  time,  almost 
all  grains  in  the  surface  layer  are  separated  by  cracks  (Figure 
124). 
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Figure  122.  Creep  periods  as  a 
function  of  stress  for 
armco  iron  at  500°  C: 

1,  2,  3,  4,  first,  second, 
third  and  fourth  series  of 
specimens  respectively. 


Figure  123.  Stable  creep  rate  as  a  function 
of  stress  for  armco  iron  at  500  C: 

1,  2,  5,  4,  first,  second,  third  and 
fourth  series  of  experiments  respectively. 


Figure  124.  Kicrostructure  of 
surface  layer  of 
specimens  of  armco  iron 
after  tests  for  long  term 
strength  in  contact  with 
zinc  at  500°  C  (  K  150): 

a,  second  series  of 
specimens, 

<r=  3  kg/mm2,  z  =  364  hr 

b,  third  series, 

<r=  5  kg/mm2,  T  =  94  hr; 

c,  fourth  series, 

cr=  4  kg/mm2,  t  =  598  hr 


Analysis  of  a  micros true ture  of  the  iron-sine  boundary  showed 
that  the  intermetallide  film  was  not  well  bonded  to  a  surface  of 
the  specimen*.  The  appearance  of  a  new  phase  along  the  grain 
boundaries  was  noted  in  specimens  subjected  to  the  influence  of 
zinc  for  extended  periods  of  time.  This  phase  is  apparently  an 
iron-zinc  alloy  with  high  zinc  concentration,  separated  as  the 
specimen  cooled. 


The  bands  which  can  be  seen  on  the  photographs  of  the  sections 
(see  Figure  124)  were  formed  as  a  result  of  oxidation  during 
etching. 
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The  changes  in  the  processes  of  creep  and  long  term  strength 
are  a  result  of  the  effects  of  the  corrosion,  adsorption  and 
difusion  factors.  The  role  of  corrosion  can  be  seen  from  a 
comparison  of  results  of  tests  for  long  term  strength  in  the  pure 
and  saturated  sine  (Figure  121).  Comparison  of  the  long  term 
tensile  strength  after  1000  hours  indicates  that  the  influence  of 
pure  zinc  leads  to  a  decrease  in  the  strength  relative  to  the 
initial  value  of  whereas  if  the  corrosion  factor  is  eliminated 
the  material  undergoes  a  decrease  in  strength  of  65%.  The 
corrosion  effect  of  zinc  on  armco  iron  is  manifested  in  this  case 
as  general  dissolution,  particularly  dissolution  of  inter- 
cr/stallite  zones,  which  are  in  less  favorable  energetic  conditions 
than  the  sectors  of  metal  within  crystallites. 

The  time  dependence  of  strength  (see  Figure  121)  and  the 
dependence  of  creep  rate  on  stress  (Figure  123)  indicate  the 
influence  of  the  adsorption  factor  in  the  deformation  of  iron  in 
liquid  zinc.  Comparison  of  the  results  of  testing  of  specimens 
in  the  third  and  fourth  series  indicates  that  the  decrease  in 
the  surface  energy  of  the  deformed  metal-medium  boundary  leads  to 
a  decrease  of  time  to  rupture  and  an  increase  in  creep  rate  with 
identical  stress  value. 

The  diffusion  influence  of  liquid  zinc  on  armco  iron  ia 
confirmed  by  the  decrease  in  time  rupture  and  the  increase  in 
creep  rate  of  specimens  in  contact  with  solid  iron-zinc  alloy  in 
comparison  to  specimens  whose  internal  cavity  was  filled  with 
argon  (see  Figure  121  and  123).  The  diffusion  penetration  of 
zinc  into  the  wall  of  the  specimens  was  determined  directly  by 
chemical  spectral  analysis.  It  was  found  that  the  zinc  appears 
near  the  external  surface  of  specimens  tested  over  100  hr.  If  we 
base  the  determination  of  the  diffusion  factor  on  the  dependence 
D  l2/t,  where  1  is  the  distance,  t  is  the  time,  the  order 
of  magnitude  of  the  effective  diffusion  factor  of  zinc  into  iron 

Is  1  •  10  cnVflec.  In  the  presence  of  zinc  in  the  material  of 
the  specimens  was  confirmed  by  metalographic  analysis  (Figure  124). 

The  influence  of  the  diffusion  factor  on  creep  and  long 
term  tensile  strength  of  armco  iron  in  zinc  i a  also  confi-meo  by 
the  following  experiment.  Two  specimens  filled  with  zinc  which 
had  been  saturated  with  iron  were  held  in  a  furnace  in  the  un¬ 
loaded  state  at  500°  C,  one  for  38  hours,  the  other  for  200  hours. 
Their  holding  times  corresponded  to  the  t-?-e  to  rupture  specimens 
in  the  fourth  series  tested  at  stresses  <  r  /  ;>nd  5  kg/rnm^ 
respectively.  Thus,  the  quantity  of  zinc  which  diffused  into  the 
material  of  the  specimens  was  approximately  identical  (if  we  do 
not  consider  the  influence  of  stresses  and  plastic  deformation 
on  diffusion).  After  this  holding  and  removal  of  zinc  from  the 
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internal  surfaces  (melting  of  the  liquid  metal  with  subsequent 
etching  in  20, j  h'aoH)  the  specimens  were  tested  for  long  term 
strength  t»t  stresses  of  7  and  5  kg/mmS  Although  they  underwent 
the  influence  of  the  diffusion  factor  along  during  the  tests,  as 
did  the  corresponding  specimens  of  the  fourth  series,  their  time  tc 
rupture  was  found  to  be  less  --  26  and  68  hours  respectively. 

This  result  can  be  explained  by  the  fact  that  these  specimens 
contained  approximately  the  same  quantity  cf  zinc  at  the  beginning 
of  the  test  fur  long  term  strength  as  the  corresponding  specimens 
from  the  fourth  series  contained  at  the  end  of  their  testing.  The 
stable  creep  rates  on  the  specimens  subjected  to  preliminary 
diffusion  were  8,8  •  lu"^  and  2.8  •  10"^  %  /  hr  respectively. 
Comparing  these  figures  with  the  data  of  Figure  123,  we  see  that 
they  are  near  the  values  of  creep  rate  of  specimens  in  the  fourth 
series,  the  rate  of  the  specimen  tested  at  5  kg/mnr  stress  being 
even  somewhat  higher  which  is  also  relatjd  to  the  specific 
feature  of  the  test  just  noted. 

Comparing  the  placement  of  the  lines  of  long  term  strength 
and  creep  of  armco  iron  on  Figure  121  and  123,  constructed  using 
the  results  of  tests  of  the  fourth  series  of  specimens,  we  reach 
the  conclusion  that  the  corrosion,  adsorption  and  diffusion 
factors  act  simultaneously  when  armco  iron  is  exposed  to  pure 
liquid  zinc.  Due  to  their  simultaneity  and  identical  direction, 
the  effects  of  corrosion,  adsorption  and  diffusion  must  be  inter¬ 
related  and  must  influence  each  other.  This  in  turn  means  that 
the  resulting  effect  is  no-  simply  the  sum  of  the  influences 
produced  by  superimposing  the  influence  of  the  various  factors, 
but  rather  the  result  of  the  interaction  of  the  corrosion, 
adsorption  ana  diffusion  factors. 

We  must  note  the  quantitatively  identical  nature  of  the  * 
influence  of  all  three  factors  the  long  term  strength  and 
creep  cf  the  material.  However,  the  degree  of  influence  of  each 
factor  differs.  Obviously,  the  intensity  of  the  manifestation  of 
the  influence  of  corrosion,  adsorption  and  diffusion  depends  on 
the  nature  of  the  solid  and  liquid  metals  and  the  experimental 
conditions  (temperature,  deformation  rate,  quantity  of  liquid 
metal,  etc.).  Therefore,  we  must  expect  that  under  certain  condi¬ 
tions  the  influence  of  the  ach  of  these  factors  will  predominate, 
while  under  other  conditions  the  influence  of  the  esme  factor  may 
even  be  absent. 

Thus,  the  results  of  experiments  presented  above  indicate 
the  complex  nature  of  the  influence  of  a  liquid  metal  medium  on 
a  deformable  s-Md  metal.  They  also  indicate  the  necessity  of  the 
individual  ap-  ;h  to  each  solid  metal  --  liquia  metal  system. 
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A,  Adsorption  Effect 


1.  Mechanism  Of  The  Adsorption  Effect 

We  ca  see  from  the  data  represented  in  the  preceding  four 
chapters  that  the  regularities  of  deformation  and  rupture  of  metals 
in  an  aquative  liquid  metal  medium  are  usually  the  same  as  in  an 
inactive  medium.  For  example,  the  effects  of  various  factors 
(temperature,  grail  size,  etc.)  when  metals  are  tested  in  active 
and  inactive  media  are  similar.  The  influence  of  the  liquid  metal 
causes  only  a  change  in  a  magnitude  of  the  strength  and  plasticity 
characteristics  of  the  metal.  Therefore,  we  must  consider  that 
the  mechanises  of  deformation  and  rupture  of  the  solid  metal  in 
the  liquid  metal  are  the  same  as  in  the  inert  medium.  This 
conclusion  ndicaiaa  the  possibility  of  using  the  results  of 
investigation  of  t'ie  rupture  and  the  deformation  of  solid  metals 
with  no  consider juion  of  the  influence  of  the  external  medium  in 
our  study  of  the  mechanism  in  the  influence  of  adsorption  —  active 
liquid  metals. 


Many  investigators  have  estimated  the  theoretical  strength 
of  an  ideocrystailine  lattice  £315  -  3192  •  Regardless  of  the 
models  used  in  calculation,  it  ht 1  been  found  that  consideration 
of  the  forces  of  the  interatomic  interaction  alone  leads  to  a 
similar  expression  in  all  cases  for  the  rupture  stress 

o-Aj/Il,  (177) 

where  E  is  the  normal  elasticity  modulus;  Y  is  the  specific 
free  surface  energy;  a  is  the  crystalline  lattice  constant; 

A  is  a  coefficient  near  unity  (differing  in  the  works  of 
different  authors). 


It  is  well  known  that  the  actual  strength  of  metals  is  two, 
sometimes  three  orders  of  magnitude  lower  than  the  theoretical 
strength.  The  first  attempt  to  explain  thl6  differential  is  made 
by  Griffith  C32CD  .  He  suggested  that  the  lower  strength  of 
actual  solids  results  from  cracks.  Griffith  solved  the  problem 
of  the  rupture  of  a  thin  plate  of  an  isotropic  material  containing 
a  penetrating  crack  of  elliptical  form  with  the  large  half  —  axis 
perpendicular  to  the  direction  of  application  of  the  external 
force.  Calculation  produced  the  following  expression  for  the 
rupture  stress: 


0„  =  H 


(178) 
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where  c  ia  the  length  of  the  crack  (large  half  axis  of  the 
ellipse);  ^  is  a  factor  near  unity. 

Griffith's  equation  can  be  easily  produced  by  an  analysis  of 
changes  in  the  energies  of  the  metal  resulting  from  the  development 
of  a  crack  [321^  ,  Before  the  formation  of  a  crack,  the  density 
of  elastic  energy  in  the  metal  is  6  =  cr  v2E.  The  appearance  of 
a  crack  of  lengths  c  results  in  removal  of  the  elastic  stress 
ovjr  an  area  of  approximately  c2  ,  or  correspondingly  to  a 

2  2 

decrease  in  energy  of  C  c  /2E.  Considering  the  fact  that  the 
expenditure  of  work  involved  in  the  formation  of  the  new  surface 
is  2  V  c,  we  can  produce  an  equation  for  the  total  increment  of 
energy  in  the  form 


AE  =  2yc  — o*e*/2£. 


(179) 


Differentiating  AE  with  respect  to  c,  we  find  that  the 

maximum  energy  increment  is  produced  if  the  equality  27  -  <r^c/E=0. 

This  means  that  with  stresses  less  than  1/2E  y/c  ,  a  crack  of  length 
c  will  close  spontaneously,  but  that  after  the  critical  value 

<T  ^  =  V2E  Y  /c  is  reached  it  will  grow  spontaneously,  that  is  the 
solid  metal  will  be  ruptured. 

In  later  works  [322-325,  3bll  the  resistance  of  solids 
with  cracks  to  rupture  was  calculated  with  a  different  statement 
of  the  problem.  The  solutions  were  produced  in  all  cases  in  a 
form  similar  to  Griffith's  equation  (l?8);  the  difference  was  only 
in  the  value  of  coefficient  fX.  .  Experimental  tests  of  equation 
(178)  indicated  that  it  corresponded  well  to  experimental  data  if 
the  rupture  of  the  metals  was  brittle.  In  the  case  of  plastic 
rupture,  however,  the  calculated  value  of  resistance  to  rupture 
differed  essentially  from  the  observed  experimental  value.  If  we 
assume  that  in  the  development  of  a  crack  the  work  ie  expended 
not  only  in  the  process  of  increasing  the  surface,  but  also  in 
plastic  deformation  at  the  ends  of  the  crack,  we  can  introduce 
the  quantity  p,  which  represents  the  main  work  expended  in 
increasing  the  length  of  the  crack*  per  unit  area,  thus  converting 
equation  (179)  to 

AE-.2yc-|  (l80) 

Or.  the  basis  of  equation  (180),  the  resistance  to  rupture 

ia 


A  crack  of  unit  width  is  analyzed. 


O, 


(lSl) 


Experimental  data  indicate  that  in  plastic  rupture  of  the 
metal  V  +  p/2  ^  1  •  10°  erg/cA f326]  ,  where  as  in  brittle 

rupture  V  %  1  •  10 7  erg/cm  .  The  value  of  the  free  surface  energy 
of  a  solid  metal  produced  by  calculation  using  formula  (l?8) 
agrees  with  the  values  produced  on  the  basis  of  other  estimates 
[114]  . 


It  follows  from  equation  (l8l)  that  plastic  deformation  is 
important  in  the  rupture  of  metals.  Since  p  is  a  variable 
quantity  in  an  actual  crystal,  that  is,  it  has  different  values 
during  different  stages  of  the  development  of  a  crack  as  a  result 
of  various  obstacles  on  the  path  of  crack  propagation,  the  Griffith 
condition  in  form  (l8l)  will  be  fulfilled  only  during  certain  time 
intervals  and,  consequently,  it  determines  the  value  of  critical 
stress  necessary  for  extension  of  a  crack  over  a  certain  sector. 
Thus,  the  Griffith  condition  for  brittle  materials  is  correct  for 
the  specimen  as  a  whole,  while  for  plastic  materials  it  is  correct 
for  individual  sectors  of  the  specimen.  As  a  result  of  this,  the 
rupture  of  brittle  materials  occurs  when  high  propagation  velocity 
of  the  crack  —  almost  instantaneously,  while  the  crack  propagates 
in  plastic  materials  in  jumps.  During  periods  when  the  crack  is 
stopped,  when  its  dimensions  are  temporarily  stable,  plastic 
deformation  occurs,  after  which  condition  (l8l)  is  fulfilled  once 
more  and  the  crack  moves  further.  As  a  result,  the  mean  rate  of 
development  of  the  crack  c  er  the  entire  cross  section  of  a 
plastic  specimen  is  much  l.wer  than  the  speed  of  a  crack  in  a 
brittle  specimen. 


One  defect  of  Griffith's  hypotheses  is  its  analysis  of  a 
crack  in  a  solid  body  as  such,  that  is  the  supposition  of  the 
presence  of  the  cracks  of  critical  dimensions  before  the  beginning 
of  formation.  Further  investigations  have  shown  that  such  cracks 
are  absent  in  materials  in  the  initial  state  and,  consequently, 
the  processes  of  their  formation  must  be  clarified.  A.  V, 

Stepanov  [ 327-329]  first  indicated  the  decisive  role  of  plastic 
deformation  in  the  formation  of  seed  cracks  in  solids.  Later, 
this  idea  was  extended  to  metals  by  N.  N.  Davidenkov  [ 330]  .  The 
modern  theory  of  dislocations  essentially  concretizes  tnese  . 
concepts. 

There  are  several  dislocation  models  of  the  formation  of 
tracks  in  metals  (Figure  125).  The  best  developed  and  most  wide 
spread  variant  is  chat  which  explains  the  format-ion  of  seed  cracks 
as  a  result  of  concentration  of  tensile  stresses  at  the  head  of 
accumulation  of  boundary  dislocations  before  ar.  obstacle  (Zener- 
Mott-Stroh  model  [331-334];  see  Figure  125,  a).  In  this  case, 
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the  crack  is  located  at  an  angle  of  70°  to  the  slipping  plane. 
Gillman  and  V.  N.  Hozhanskiy  have  demonstrated  the  possibility  of 
formation  of  cracks  in  the  slipping  plane,  in  which  accumulation 
of  boundary  dislocations  occurs  [335,  33&J  (see  Figure  125»  b). 

V.  L.  Indenbaum  established  the  possibility  of  appearance  of  such 
a  crack  as  a  result  of  movement  of  dislocations  in  a  curved 
crystalline  lattice  C337]  (see  Figure  125,  c).  A  crack  seed  may 
also  be  formed  due  to  rupture  of  a  vertical  wall  of  dislocations 
C  358 «  339]  (see  Figure  125»  d).  Cottrell  established  that  a 
crack  may  arise  upon  interaction  on  accumulated  dislocations  moving 
in  intersecting  planes  of  slippage  [  3^0]  (see  Figure  125*  e). 
Formation  of  a  crack  may  occur  as  a  result  of  imposition  of  tensile 
stresses  from  two  dislocation  accumulations  of  opposite  sine 
located  in  two  slipping  planes  which  are  parallel  and  located 
near  each  other  (Fujita  model  [34ll)(see  Figure  125,  f). 


e  f 


Analysis  of  the  conditions  of  development  of  a  crack  in  a 

solid  metal  in  contact  with  an  adsorption  active  liquid  metal 

melt  was  performed  by  Ye.  D.  Shchukin  and  V.  I.  Likhtman  £3^- 

3^5j  .  This  analysis  is  applicable  to  practically  any  of  the 

prticular  models  of  crack  formation  indicated  above.  The  area  of 

localization  of  an  incomplete  shear  (not  extending  through  the 

entire  cross  section  of  a  crystal)  with  a  length  in  the  slipping 

plane  of  S  is  analyzed.  Two  stages  are  differentiated  in  the 

process  o i  crack  development.  In  the  first  stage,  the  shear 

stress  t  ,  causing  movement  of  dislocations  and  formation  of 
8 

deformation  heterogeneities  of  the  incomplete  shear  type,  is 
decisive.  As  a  result,  local  stress  concentrations  aopear  which 
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exceed  the  applied  stress  T  by  many  times.  The  sharp  concen- 

6 

tration  of  normal  stresses  arising  leads  to  the  appearance  of 
equilibrium  seed  cracks  (not  extending  to  the  entire-  crystal  under 
the  normal  stresses).  The  dimensions  of  such  a  crack  can  be 
determined  as  follows. 

The  density  of  elastic  energy  £  near  the  area  of  the 

2 

incomplete  shear  is  proportional  to  X  S/2Er,  where  E  is  the 

8 

normal  elasticity  modulus;  r  is  a  distance  from  the  point  in 
question  to  a  certain  point  in  interval  S,  where  S  ?  r  >  rQ, 

where  rn  is  the  minimum  distance  for  which  the  laws  of  the 

u  -7 

theory  of  elasticity  are  still  applicable  (r^  ~  10  cm).  As  a 

result  of  formation  of  a  crack  of  length  c,  elastic  stresses  are 
removed  over  the  incomplete  shear  interval  S  and  over  a  distance 
approximately  equal  to  c  to  the  side  of  area  S.  Considering 
the  work  expended  in  the  formation  of  the  surfaces  of  the  crack, 
equal  to  2  V  c,  the  total  change  in  energy  can  be  written  in  the 
form 

AE»2yc-J  J  e  (r)  dS  «  2ye  — In  — -  ,  (182) 

where  a  is  a  coefficient  near  unity.  The  magnitude  of  the 
equilibrium  crack  can  ba  found  from  the  condition  d(AE)/dc  =  0: 

p  *y  ’  (183) 


where  /3  is  a  dimensionless  coefficient  near  unity. 

A  crack  of  maximal  size  is  formed  if  the  area  of  incomplete 
shear  encompasses  the  entire  cross  section  L  of  the  monocrystal 
(or  grain  of  polycrystalline  metal): 

0t JI* 

mar  ~P*£v’  ’  (184) 


Thus,  the  dimensions  of  an  equilibrium  crack  are  determined 
by  the  value  of  free  surface  energy.  It  follows  from  equation 
(184)  that  in  a  surface  active  liquid  metal,  the  length  of  the 
maximum  equilibrium  crack  is  greater  than  in  an  inert  medium. 


In  the  second  stage  of  development  of  a  crack,  the  decisive 
role  is  that  of  the  normal  stress  0"  .  Rupture  occurs  when  the 
critical  value  of  normal  stress  CT,_  is  reached  (for  the  most 
dangerous  crack) 

=*  ^  y 


gy 
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(185) 


18) 


We  can  see  from  equations  (185)  and  (l84)  that  in  a  surface 
active  liquid  metal,  the  value  of  resistance  to  rupture  is  less 
than  in  an  inactive  medium.  These  equations  also  indicate  that 
disruption  of  monocrystallines  specimens  with  various  orientations 
relative  to  the  anplied  tensile  stress  should  occur  with  a 
definite  relationship  between  normal  and  shear  stresses,  namely 
with  constant  value  of  their  product 


ff«T,K  --  K *, 

where  K  =  *  V EyIL 


(186) 


representing  the  angle  of  the  inclination  of  the  plane  of 
rupture  to  the  direction  of  application  of  the  force  st  rupture 
of  the  specimen  %  we  can  produce  the  following  formulas  on 

the  basis  of  (186)  and  known  geometric  relations  for  and  t 

[345]  S 

(187) 

T“>  =  K  j/ctg  Xi-  Ci88 ) 


Chapter  I  presented  experimental  data  on  the  rupture  of 
pure  zinc  monocrystals  at  liquid  nitrogen  temperature  and  mono- 
crystals  with  a  thin  surface  film  of  liquid  mercury  at  room 
temperature,  which  agreed  well  with  equations  (186-168).  On  the 
basis  of  these  data,  it  has  been  calculated  d90]  that  in  the  first 
case  KZn  =  209  g/mm^,  while  in  the  second  case  K£n  jj  =  95  g/mm^. 

It  follows  from  this  that  the  reduction  in  strength  of  zinc 
monocrystals  in  mercury  is  caused  by  a  decrease  in  surface  inter- 
phase  energy,  which  amounts  to  V  Zn_Hg/  V  Zn  *  ^Zn.Hg^Zn^  ~ 

~  1/5.  Thus,  if  the  free  surface  energy  of  zinc  is  approximate¬ 
ly  1000  erg/cm**,  the  mercury  coBting  reduces  it  to  approximately 

p 

200  erg/cm  . 

On  the  basis  of  the  concepts  concerning  the  mechanism  of 
the  influence  of  liquid  metals  on  solid  metals  in  the  process  of 
deformation  presented  above,  we  can  explain  many  other  effects 
observed  experimentally  in  short-term  mechanical  tests  as  well 
(see  Crapter  I).  The  disappearance  of  the  influence  of  the 
liquid  metal  medium  as  the  temperature  is  increased  was  first 
explained  in  a  work  by  V.  N.  Rozhanskiy,  in  the  Pertsov  et  al. 

[195]  «  These  concepts  were  then  developed  in  £240,  346,  450 3  . 
The  explanation  was  presented  using  an  eip.*ession  for  the 
probability  of  penetration  of  an  obstacle  by  an  accumulation  of 
dislocations  located  in  a  common  plane  presented  by  Stroh  [3473: 
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W(T)  =  l-exp( 


vUo  Q~V/kT  j 


(189) 


where  U  is  the  activation  energy  used  by  the  dislocations  to 
cross  thp  barrier  on  the  path  of  development;  u>  is  a  natural 
frequency  of  thermal  oscillations  of  the  atoms;  1  is  the  length 
of  the  retarded  dislocation  front;  t^  is  the  time  required  for 

accumulation  of  dislocations  sufficient  to  form  a  crack.;  b  is 
the  Burger  vector.  Structure  of  equation  (189)  defines  the  sharp 
change  in  probability  of  plastic  deformation  from  0  to  1  in  a 
narrow  temperature  interval  located  on  either  side  of  a  certain 
mean  critical  temperature  ^ 

■  <wo) 

0 

On  the  basis  of  experimental  data  on  tensile  rupture  of 
mcnocrystsls  of  zinc,  and  estimate  has  been  formed  of  the  quanti¬ 
ties  included  in  formula  (190),  giving  a  valuo  of  about  1  ev  for 
the  activation  energy.  Then,  the  values  of  the  vai iablas  were 
substituted  m  the  formula  (189)  and  it  was  used  to  construct  the 
temperature  dependence  of  the  probability  of  plastic  deformation 
of  zinc  monocrystsls  covered  with  mercury.  1.  was  found  that  the 
temperature  interval  of  the  change  of  W(T>  from  0  to  1  agrees 
fully  with  the  interval  of  restoration  of  plasticity  (relative 
elongation)  of  amalgamated  monocrystals  to  the  level  of  pure  mono¬ 
crystals,  that  is  in  both  cases  this  interval  was  120-160°  C. 

Thus,  the  effect  of  restoration  of  plasticity  as  test  temperature 
was  increased  for  rupture  at  constant  deformation  rate  results 
from  so  increase  in  probability  of  plastic  deformation  due  to 
thermal  fluctuations.  Due  to  this,  the  concentration  of  stresses 
in  the  end  portion  of  the  crack  is  decreased  (the  stressed  state 
is  discharged  as  a  result  of  plastic  deformation)  and  an  increase 
in  stress  becomes  necessary  for  the  crack  to  grow  to  the 
Griffith  dimensions. 

The  nature  of  the  solid  and  liquid  metals  and  the  test 
conditions  result  in  the  formation  of  three  variants  of  the 
relationship  of  melting  points  of  the  base  metal  T^,  liquid  metal 
T^  and  critical  brittleness  temperature  T^  [345J.  With  the 

relationship  T^  T^  <=•  T^,  a  reduction  in  plasticity  and 

strength  of  the  base  metal  in  the  temperature  interval  T..-T.  is 
noted.  Where  T^  ^  T^  i  T^,  the  effect  of  the  adsorption-1 

influence  of  the  liquid  metal  is  noted  from  the  melting  point  of 
the  medium  right  up  to  the  melting  point  of  the  base  metal.  'When 
T^  *  T^,  the  effect  does  not  appear  at  oil.  The  first  of  these 
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three  variants  is  observed,  for  example,  when  zinc-  is  tested  in 
liquid  mercury,  the  second  -  when  carbon  steels  are  tested  in 
liquid  tin  (see  Chapter  I,  Section  2), 

Another  effect  -  the  influence  of  the  liquid  metal  on  the 
dependence  of  the  strength  of  the  polycrystalline  metal  on  grain 
size  (see  Chapter  I,  Section  4)  —  can  be  easily  explained  using 
the  Stroh-Petch  relationship  £334,  348,  349j 


a«“°*  (191) 

where  is  the  tearing  resistance;  G  is  the  shear  modulus; 

V  is  the  free  surface  energy;  d  is  the  grain  diameter;  V  is 
Poiuson's  coefficient;  cTq  is  the  material  constant. 

We  can  see  from  equation  (191)  that  the  slope  of  line 

0".  -  d”'1^  in  reletion  to  the  abscissa  (d”^^)  decreases  with 
<c 

decreasing  surface  energy  of  the  solid  metal.  This  result  was 
also  produced  in  experiments  with  adsorption  active  liquid  metals 
(see  Chapter  I,  Section  4).  Using  dependence  (191)  and  experi¬ 
mental  data  on  tensile  rupture  on  70/30  brass,  the  authors  of 
C  2263  showed  that  the  surface  energy  of  brass  in  contact  with 
liquid  mercury  is  280  erg/cm2,  whereas  in  an  atmosphere  of  its 
own  vapors  it  is  1500  erg/cm2.  Obviously,  a  dependence  such  as 
(191)  should  also  be  retained  for  the  strength  limit,  which  is 
confirmed  by  the  experiments],  data  (see  Figure  85). 

The  linear  dependence  between  and  In  d,  established  in 

jj?3l3  tests  involving  the  rupture  of  specimens  of  70/30  brass 
covered  liquid  mercury,  has  been  confirmed  by  theoretical 
analysis  of  brittle  ruptures  performed  by  Fetch  £3503 •  The 
formula  which  he  presents:  .. 

Tk  =  A  +  I  m  d 

indicates  that  the  value  of  A  depends  on  the  value  of  surface 
energy  of  the  metal  deformed.  The  absence  of  any  results  of  tests 
involving  the  termination  of  =  f(d)  for  the  same -material  in 

a  surface  active  liquid  metal  and  an  inert  medium  prevents  a 
check  of  the  dependence  of  A  =  A( V  )  produced  in  £35CTJ. 

Chapter  I  (Section  1,  6  and  ?)  shows  the  increase  in  the 
degree  of  action  of  liquid  metals  with  increasing  initial 
strength  of  the  solid  metal  on  the  basis  of  ‘ixperimental  data. 

This  effect  can  be  explained  by  the  adsorption  influence  of  the 
medium,  if  we  consider  that  the  increase  in  strength  corresponds 
to  an  increase  in  barriers  across  the  path  of  movement  of 
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dislocation  accumulations.  Then  when  an  influence  of  the  medium 
is  present,  the  formation  of  cracks  in  a  material  with  high 
initial  strength  occurs  with  lower  applied  stress  than  in  a  metal 
with  lower  strength.  Obviously,  the  size  of  the  barriers  created 
by  various  types  of  hardening  is  not  identical.  For  example, 
dispersion  hardening  of  an  alloy  creates  more  serious  obstacles 
to  the  movement  of  dislocations  than  work  hardening.  Correspond¬ 
ingly,  the  effect  of  the  action  of  liquid  metal  on  a  dispersion- 
hardened  alloy  is  greater  than  on  a  work  hardened  alloy.  The 
increase  in  the  barriers  resulting  from  the  appearance  of  additional 
defects  in  the  crystalline  lattice  is  also  explained  by  a  re¬ 
inforcement  of  the  influence  of  the  surface  active  liquid  metal 
medium  on  the  metal  after  irradiation  (see  Chapter  I,  Section  9). 

In  correspondence  with  the  concepts  which  we  have  presented, 
the  formation  of  seed  cracks  is  assumed  to  occur  within  the  metal 
being  deformed  (mono-  or  polycrystalline).  In  the  opinion  of  the 
authors  of  reference  (544-3453  »  the  liquid  metal  psnetrates  into 
these  cracks  by  tvp-dimensional  migration  along  the  hollowed  dis¬ 
location  nuclei!  which  may  be  formed  in  the  very  early  stages  of 
deformation,,  In  the  presence  of  internal  cracks  in  the  mono¬ 
crystalline  specimens  has  been  established  by  microscopic  investi¬ 
gation.  However,  this  nature  of  the  development  of  cracks  under 
the  influence  of  the  liquid  metal  is  apparently  relatively  rare. 

Even  in  inert  medium,  particularly  at  high  temperatures,  the  cracks 
are  usually  formed  on  the  surface  of  the  metal  and  then  gradually 
extend  into  the  entire  cross  section.  The  formation  of  surface 
cracks  in  polycryatalline  metals  has  been  confirmed,  for  example, 
in  a  work  by  S.  T,  Kishkin  and  A.  Xlypin  L35l]  by  grinding  off 
the  surface  layers,  and  also  in  1.352]  by  periodic  loading  of  a 
specimen  with  compressive  stresses,  with  constantly  applied 
tensile  stresses.  Due  to  oxidation  of  the  surface  cracks,  the 
loading  with  compressive  stresses  caused  no  increase  in  long  term 
strength  of  the  materials. 


Figu-e  126.  Diagrams 
of  formation  of 
surface  cracks.. 
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The  electron  microscope  method  was  used  to  establish  the 
formation  of  cracks  on  the  surfaces  of  specimens  of  nickel  in  the 
very  earliest  stage  of  extension  at  constant  rote  [353j  • 

Surface  cracks  were  observed  in  the  deformation  of  mono¬ 
crystalline  specimens  in  a  liquid  metal  medium,  which  can  be  seen 
easily  on  photographs  presented  in  [7,  35*0  •  Naturally,  when 
cracks  form  on  the  surface  the  question  of  penetration  of  the 
liquid  metal  medium  into  the  crack  by  the  mechanism  mentioned  above 
is  answered. 

The  mechanisms  of  formation  of  aurface  cracks  may  be  as 
follows.  Parker  [355]  considers  it  possible  that  cracks  may  be 
formed  at  points  where  two  intersecting  slipping  planes  reach  the 
surface  (Figure  126,  a).  Rostoker,  et  al  [8j  believe  that  surface 
cracks  may  arise  upon  formation  of  accumulation  of  dislocations 
before  the  grain  boundary  near  the  surface  of  the  metal  (see 
Figure  126,  b).  Of  these  models,  the  former,  as  we  can  see  from 
Figure  126,  a,  may  operate  in  both  monocrystals  and  polycrystals. 
The  formation  of  a  surface  crack  is  also  possible  at  the  point 
where  a  slipping  plane  reaches  the  surface  of  the  specimen  (mono- 
or  polycrystalline).  We  know  that  plastic  deformation  causes  steps 
to  form  here  (see  Figure  126,  c)  with  dimensions  o.  up  to  1000  A 
[356,  35*+]  .  Assuming  that  the  relationship  cr  «<n /£/*  exists 

between  the  applied  stress  <r  and  the  maximum  stress  at  the  point 
of  concentration  <rn,  and  considering  that  r  *  3.5  *  10_°  cm, 

while  1  ~  10“^  cm,  we  find  <yv  c^l7cr  .  Consequently,  with 

relatively  low  applied  stresses,  rupture  of  the  interatomic  bonds 
may  occur  at  the  point  where  dislocations  reach  the  surface, 
resulting  in  formation  of  cracks.  The  growth  mechanism  of  seed 
cracks  already  present  on  the  surface  of  the  crystal,  formed  due  to 
interaction  with  boundary  dislocations  passing  nearby,  was  suggest¬ 
ed  by  Orovan  [357]  . 

We  must  point  out  that  the  analysis  of  the  adsorption 
influence  of  a  liquid  metal  on  a  solid  metal  performed  above  is 
insufficient,  since  it  gives  us  no  picture  of  rupture  at  the 
"atomic  level."  In  recent  times,  investigations  have  developed  in 
the  area  of  analysis  of  atomic  interactions  [227.  446-448] . 

Further  development  of  the  theory  of  adsorption  effects  during 
rupture  will  doubtless  occur  in  the  direction  of  consideration  of 
the  active  interaction  of  atoms  of  liquid  and  solid  metals  at  the 
end  of  a  crack.  An  attempt  has  already  been  made  on  the  basis  of 
analysis  of  this  interaction  to  conclude  an  equation  for  the 
long  term  strength  of  a  solid  metal  in  an  adsorption  active  liquid 
metal  medium  [358,  359]  « 
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In  recent  times,  we  have  come  to  believe  that  the  edges  of 
cracks  formed  as  metal  ruptures  are  not  rounded,  but  are  formed 
of  two  asymptotically  approaching  the  crystalographic  planes  right 
down  to  the  normal  distance  between  them,  corresponding  to  a 
crystalline  lattice  constant  |_360-363]  •  However,  it  can  be  easily 
shown  that  such  a  crack  cannot  be  equilibrium  and  should  cause 
rupture  of  the  solid  body  in  a  field  of  tensile  forces.  Actually, 
the  distance  between  atoms  in  the  terminal  area  of  the  crack  is 
increased  gradually  and  regularly,  a  pair  of  atoms  should  be  found, 
the  strength  of  interaction  between  which  will  be  equal  to  the 
theoretical  strength  so  that,  consequently,  the  bond  between  them 
should  be  broken.  Then,  the  next  pair  of  atoms  will  be  in  a  similar 
situation,  etc,  as  a  result  of  which  complete  separation  of  the 
crystal  into  two  part6  will  occur.  This  conclusion  agrees  with  the 
results  of  calculations  of  A.  N.  Orlov  [364]  and  Yu.  K.  Plishkin 
[365J  ,  who  demonstrated  the  impossibility  of  the  existence  of 
equilibrium  cracks  in  a  crystal  with  an  ideal  lattice. 


Figure  127.  Diagram  of  crack  (a),  distribution  of 

normal  stresses  at  crack  edge  (b),  and  changes 
in  force  of  interaction  of  two  atoms  with 
changing  distances  between  them  (c);  I,  inert 
medium;  II,  adsorption  active  medium. 


Thus,  in  the  end  area  of  an  equilibrium  crack,  the  approach 
of  a  plane  cannot  be  even  everywhere:  in  the  area  of  maximum  values 
of  atomic  interaction  force,  relatively  sharp  approach  of  the  planes 
should  be  observed  (Figure  127).  The  change  in  crack  form  may  be 
related  to  plastic  deformation  of  the  metal.  We  will  differentiate 
three  areas  in  such  a  crack  j36lj:  1,  the  area  where  stresses 
increase  from  their  nominal  value  to  their  maximal  value;  2,  the 
area  where  normal  stresses  change  from  the  maximal  value  to  zero*; 

3,  the  internal  ares  of  the  crack,  where  the  forces  of  the  inter¬ 
action  between  a'.vrs  on  opposite  surfaces  are  practically  equal  to 
zero.  This  disti  ution  of  stresses  (see  Figure  127,  b)  is 
determined  by  thi  well  known  nature  of  the  dependence  of  forces  of 
interaction  between  two  atoms  on  changes  in  the  distance  between 
them  (see  Figure  127,  c). 

In  correspondence  with  the  above,  the  configuration  of  an 
equilibrium  crack  is  such  that  the  value  of  maximal  normal  stress 
at  the  boundary  of  the  first  and  second  areas  cr^g  should  be  less 

than  the  theoretical  strength  that  is,  <rm0  less  than 

The  value  of  depends  on  the  value  of  the  nominal  stress  T , 

and  this  dependence  is  determined  [366  ]  by  the  relationship 

Omo  --  n  ,  (192) 

where  Cg  is  the  depth  of  the  crack,  equal  to  the  distance  from 

the  external  surface  of  the  solid  to  the  boundary  of  areas  1  and  2; 
rQ  is  the  radius  of  curvature  of  the  crack  of  this  boundary.  The 

development  of  a  crack  should  begin  at  the  moment  when  conditions 

<T  n  =  crm  is  fulfilled.  Thie  moment  can  be  determined  as  the 
mu  I 

loss  of  stability  by  the  crack. 

If  a  solid  metal  is  located  in  a  surface  active  liquid  metal, 
the  atoms  of  the  liquid  metal  will  penetrate  into  the  crack  and 
interact  wit'"  the  atoms  of  the  solid  metal  located  on  the  Effaces 
of  the  crack  in  the  second  and  third  areas*  (See  Figure  127,  II  a). 
This  results  in  a  decrease  in  normal  stresses  in  the  end  areas  of 
the  crack  (See  figure  127,  II  b),  which  results  in  a  decrease  in 
forces  of  interaction  between  atoms  of  the  solid  metal  (see  Figure 
127,  II  c)  due  to  changes  in  their  energy  field  due  to  the 
influence  of  the  atoms  of  the  liquid  metal. 


# 

A  boundary  between  the  second  and  third  areas  is  largely 
arbitrary. 
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the  critical  stress  in  the  end  area  in  .lhe 


Since  fmA  <  fmQl 

presence  of  a  surface  active  medium  will  be  achieved  with  lower 
nominal  strep-  than  in  the  inert  medium.  The  result  of  this  is 
rupcure  of  tl  •  solid  metal  in  the  liquid  metal  medium  at  decreased 
strength  value. 


However,  it  must  be  noted  that  a  crack,  after  reaching  its 
critical  state,  can  move  only  over  a  slight  distance  if  defects  in 
the  structure  of  the  crystal  of  lattice  (grain  boundaries,  packing 
defects,  accumulations  of  dislocations,  etc>)  are  encountered  in 
its  path,  causing  a  decrease  in  maximum  stress  in  the  end  area 
below  the  value  of  theoretical  strength.  This  results  in  temporary 
stabilization  of  the  crack,  and  further  propagation  can  occur  only 
with  an  increased  nominal  stress. 


Under  the  conditions  used  in  long  term  strength  testing, 
movement  of  the  crack  becomes  possible  if  thermal  fluctuation  arises 
in  the  end  area,  causing  <j" mA  to  reacn  the  va-ue  ay  .  l  et  us 

represent  ot  the  width  of  the  end  area  cf  the  crack  where  the 
stress  exceeds  the  nominal  value.  Keeping  in  mind  that  for  a  non¬ 
equilibrium  crack  a 

(i„) 

where  YA  is  the  surface  energy  of  the  division  boundary  of  the 

solid  and  liquid  metals,  and  expressing  this  integral  approximately 
for  an  equilibrium  crack  in  the  form  of  the  product  j 

~  '  'T 

we  see  that  the  value  of  thermal  fluctuation  required  to  convert 
the  crack*  from  the  equilibrium  state  to  the  nonequilibrium  state 
with  fixed  constant  nominal  stress  is  approximately 

(2Y*“2‘  aa  77 )  «*•  where  a  is  the  crystalline  lattice  constant. 
However,  this  expression  does  not  take  full  consideration  of  the 
work  expended  in  the  development  of  the  crack.  To  do  this,  we  must 
also  add  the  quantity  Q,  representing  the  work  expended  in  plastic 
deformation  and  the  energy  dissipated  in  the  form  of  heat.  Consider¬ 
ing  this,  we  can  write  the  following  formula  for  the  probability  of 
rupture  of  bonds  in  the  end  portion  of  the  crack: 

lV  =  we - Sr  .  ( 194 ) 


*  " 

Calculation  performed  for  a  crack  in  3  nonoatonic  layer. 
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where  is  the  characteristic  frequency;  k  is  Boltzman's  constant 
T  is  the  absolute  temperature.  Using  formula  (19*0*  for  the  rate 
of  the  development  of  the  crack  under  long  term  strength  testing 
conditions,  we  produce  the  equation  _ 

<?H2a»YA-  jaaJoT/ 

. . -A,--  '*  (1«> 


Obviously,  the  configuration  of  the  end  portion  of  a  crack 
depends  on  the  nominal  stress.  Ar  a  result  of  the  interaction  of 
atoms  of  the  surface  active  liquid  metal  with  atoms  of  the  solid 
metal,  the  configuration  of  the  crack  also  depends  on  Thus, 

the  radius  of  the  end  portion  of  the  crack  is  a  function  of  the 
nominal  stress  and  the  surface  tension.  As  a  first  approximation 
w<  will  consider  that  this  function  has  the  form 

<  196) 

a  A 

where  and  m  are  constant  coefficients.  Substituting  (196) 
into  (195),  we  produce 

C4-2a»YA-  |aaip-‘/loHmVA/2 

*£a  =  - *r -  ( 197 ) 


Using  this  last  formula ,  we  can  write  an  equation  for  determination 
of  the  time  to  rupture  of  the  metal 


Q+2a«YAcAHp  aa»o1+mYA/2 

\  6  2pl/Ur  V  A*a. 


(198) 


where  cA  ^  is  the  critical  (Griffith)  crack  length,  beginning 
with  which  its  rate  of  propagation  becomes  near  the  speed  of  sound. 

Introducing  the  following  substitution  to  equation  (198) 


we  produce 


,  l+mYV2 

_  aa*g  A  ,/ — 
2(il/*A-r  '  C/*’ 


HR  /  IT  \1  Q+2a,YA  X«P 


(199) 


(200) 


The  integral  in  equation  (200)  is  practically  equal  to  unity, 
since  the  upper  limited  integration  x.  is  on  the  order  of 

3  4  P 

10  -  10  ,  Therefore,  we  can  replace  the  integral  with  coefficient 
A  ,  approximately  equal  to  unity,  but  having  dimensionality. 
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Finally,  the  equation  for  time  to  rupture  of  the  metal  under 
long  term  strength  testing  conditions  takes  on  the  form 


T  -  - 


w.15  \  a  ) 


CH-2n*vA 

n~~a~^A-2 


(201) 


Analysis  of  equation  (201)  leads  to  the  conclusion  that  it 
reflects  properly  the  dependence  of  time  to  rupture  on  stress  and 
temperature.  In  the  first  case  this  dependence  is  exponent:, .al, 
that  is,  as  has  been  confirmed  by  many  experimental  data  involving 
long  term  testing  of  structural  materials  *.  The  dependence  of 
time  to  rupture  on  temperature  both  on  the  basis  of  (201)  and  on 
the  basis  of  experimental  data,  is  exponential  (with  an  accuracy  to 
the  factor  before  the  exponent,  practically  constant  throughout  the 
entire  range  of  temperatures  for  which  experimental  results  are 
generally  presented). 


Evaluating  equation  (201)  from  the  standpoint  of  its  reflec¬ 
tion  of  the  dependence  of  time  to  rupture  on  the  value  of  surface 
interphase  energy,  we  can  see  that  it  reflects  this  dependence 
properly.  Thus,  it  follows  from  (201)  that  in  a  surface  active 
liquid  medium,  the  time  to  rupture  of  the  material  should  be 
decreased  in  comparison  with  an  inactive  medium  with  identical 
stress  and  temperature  in  both  medium.  It  also  follows  from  (201) 
that  this  slope  of  the  long  term  strength  line  in  relation  to  the 
time  access  (in  coordinates  log  <T  -  log  T  )  constructed  according 
to  the  results  of  tests  in  a  surface  active  liquid  metal  is 
steeper  than  the  line  for  tests  in  an  inert  medium.  Furthermore, 
equation  (201)  shows  that  the  activation  energy  for  rupture,  solid 
metal  in  contact  with  a  liquid  metal  is  lower  than  the  activation 
energy  for  rupture  in  an  inert  medium. 

These  regularities  agree  fully  with  the  results  of  tests  for 
long  term  strength  of  copper  in  liauid  bismuth  (see  Chapter  II) 
and  alloy  EI437H  in  liquid  sodium  (see  Chapter  V,  Section  A?), 
that  is  when  the  action  of  the  liquid  metal  medium  was  by 
adsorption, 

\ie  can  make  an  estimate  of  the  magnitude  of  the  change  in 
surface  energy  of  copper  when  tested  for  long  term  strength  in 
liquid  bismuth  using  the  boundary  of  activation  energy  for  rupture 
presented  in  Chapter  II,  Section  2,  On  the  basis  of  equation  (201) 
we  can  produce 
*  "  " 

As  was  already  indicated  in  Chapter  II,  with  brief  test  durations 
and  exponential  dependence  is  generally  observed  | 252-254] . 


193 


(?02) 


Yt  Yt.  <£ 


--  *  gr-gr.  3 


2a» 


where  "y^  and  /<p  ^  represent  the  specific  free  surface  energy 

of  the  boundary  of  the  solid  metal  with  the  inert  medium  and  with 
the  surface  active  liquid  metal  respectively^  Q,p  and  ^ 

represent  the  energy  of  activation  of  rupture  in  the  inert  medium 
and  in  the  surface  active  liquid  metal. 


It  was  shown  in  Chapter  II,  Section  2,  that  when  copper  was 
tested  for  long  term  strength  in  air,  =  3 8.6  kcal/g  •  atom, 

while  in  liquid  bismuth  ^  ^  =  23.4  kcal/g  •  atom.  Calculations 

using  formula  (202)  will  be  performed  assuming  a  =  3.5  *  10  cm. 
Substituting  these  values  into  (202),  we  find  that  the  decrease 
in  surface  energy  of  copper  is  the  result  of  the  action  of  the 

A 

bismuth  was  430  erg/cm  .  It  has  been  experimentally  established 

[367,  368]  that  ?'T  =  1270  -  1680  erg/cm  ,  =  280  erg/cm  , 

t-iat  is,  VT  -  /T  990  -  1400  erg/cm2.  Consequently, 

cjilculatio  s  using  (201)  -  (202)  yields  a  value  of  change  in 
surface  energy  which  corresponds  in  its  order  of  magnitude  to  the 
experimentally  determined  value,  which  is  good  agreement. 

In  all  probability,  the  value  of  the  difference  X ^ 

determined  from  the  data  on  long  term  strength  should  always 
be  less  than  that  determined  directly,  since  in  the  first  case 
during  some  time ' intervals  in  the  development  of  the  crack  the 
liquid  metal  will  not  succeed  in  filling  its  end  area,  while 
during  the  second  case  experiments  are  performed  in  equilibrium 
conditions.  Thus,  the  value  of  the  change  in  surface  energy 
calculated  according  to  long  term  strength  data  is  an  effective 
value  rather  than  a  true  value*  ''e  note  also  that  the  exponential 
dependence  of  time  to  rupture  on  the  inverse  temperature  produced 
for  copper  (see  Chapter  II,  Section  2)  may  not  be  observed  over  the 
broad  range  of  temperatures  as  a_  result  of  the  changes  in  surface 
tension  as  temperature  changes  L.3&93. 

We  have  analyzed  the  influence  of  an  adsorption  active 
liquid  metal  on  the  process  of  ruptuie  during  short-term  testing 
of  materials  under  tensile  stress  at  constant  rate  and  during  long 
1 1 ■  *v.!  strength  testing.  The  experimental  data  presented  in  Chapter 
TV  indicate  the  adsorption  influence  of  the  liquid  metal  medium  on 
the  process  of  rupture  under  fatigue  testing  conditions  as  well. 

As  we  know  [370,  371.1  ,  fatigue  rupture  is  a  result  of  performance 
of  repeated  microplastic  deformations  in  the  metal.  At  a  certain 
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stage  in  their  development,  the  formation  of  a  fatigue  crack 
becomes  possible.  The  formation  of  this  crack  may  occur  as  a 
result  of  the  action  of  the  mechanisms  mentioned  earlier  $70/ ,  or 
as  a  result  of  a  mechanism  which  is  specific  for  testing  under 
variable  load,  such  as  extrusion  or  intrustion  ^72-374/. 

An  adsorption  active  liquid  metal  influences  the  formation 
of  fatigue  cracks,  since  they  generally  arise  on  the  surface  of  the 
deformed  specimen.  However,  this  influence  is  most  strongly  felt 
in  the  stage  of  development  of  a  crack,  since  according  to  £570 
this  stage  makes  up  90-97%  of  the  time  to  rupture  of  a  specimen. 

At  the  present  time,  this  stage  has  been  insufficiently  studied 
even  for  metals  which  are  not  subjected  to  the  influence  of  a 
corrosive  medium.  However,  doubtless  processes  of  microplastic 
deformation  are  important  in  this  stage,  preparing  the  metal  at 
the  end  portion  of  the  crack  for  rupture  of  the  interatomic  bonds. 
It  is  quite  natural  that  rupture  of  bonds  and  the  corresponding 
jump  in  the  crack  into  the  next  sector  of  the  metal,  not  as  yet 
prepared  for  the  rupture,  occur  in  the  adsorption  active  liquid 
metal  as  a  result  of  interaction  of  atoms  of  the  medium  and  the 
metal  being  deformed  in  the  end  portion  of  the  crack  at  lower 
nominal  stress  or  after  a  shorter  preparatory  period  than  in  an 
inactive  medium  with  identical  stress  amplitude.  Obviously,  the 
general  regularities  of  the  adsorption  action  of  the  liquid  metal, 
noted  earlier  for  other  conditions  of  deformation  of  the  metal 
are  correct  for  fatigue  tests  as  well. 

Up  to  this  point,  they  have  analyzed  the  influence  of  a 
surface  active  liquid  metal  on  the  development  of  rupture  cracks 
in  a  solid  metal.  This  influence  results  in  a  deep  decrease  in 
total  plasticity  of  a  strength  and  time  to  rupture  of  deformed 
metal.  Another  group  of  effects  of  the  action  of  a  liquid  metal 
medium  is  related  to  the  facilitation  of  plastic  deformation.  The 
facilitation  of  deformation  results  from  a  decrease  in  the  yield 
point  and  hardening  factor  during  extension  at  constant  rate,  as 
well  as  an  increase  in  the  creep  rate  when  the  metal  being  de¬ 
formed  is  in  contact  with  a  low-melting  liquid  metal  (see  Chapters 
I  and  III). 

These  effects,  as  Ye,  D,  Shchukin  first  showed  £57^7,  are 
determined  by  a  decrease  in  the  energy  barrier  preventing  movement 
of  dislocations  to  the  surface  of  the  metal.  The  existence  of 
this  barrier  is  related  to  the  formation  of  steps  of  a  new  surface 
at  the  point  where  the  boundary  dislocations  reach  the  surface. 

The  width  of  this  step  is  equal  to  component  b  in  the  Burger 
vector  normal  to  the  contour  of  the  slipping  plane  and  located  in 
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it.  Therefore,  the  maximum  value  of  the  surface  energy  barrier*  is 
=  8b  ^  or  i  s  1)  i  ,  if  »  5  b  ,  The  presence  of  the  energy 

barrier  in  turn  leads  to  the  necessity  of  increasing  the  shear 
stress  acting  in  the  plane  in  order  to  complete  the  shear  movement. 

Let  us  estimate  the  excess  value  of  shear  stress  resulting 
from  the  surface  barrier.  The  work  expended  on  displacement  of  the 
boundary  dislocation  of  unit  length  over  a  distance  equal  to  the 
crystalline  lattice  constant  is  expressed  by  the  equation 

A  b*  t„  (203) 

where  X  is  the  shear  stress  acting  in  the  plane  of  movement 
6 

over  dislocation.  The  magnitude  of  work  calculated  per  atom 
(or  over  a  sector  of  the  dislocation  line  of  length  b  )  is 

(204) 


'.i'h«n  the  dislocation  reaches  the  surface  of  the  metal, 
addition il  work  b^  V  must  be  performed.  Consequently,  the  work 
required  to  bring  the  dislocation  to  the  surface  (beginning 
calculation  at  distance  b  from  the  surface)  is 

Anesb'(bxt  -b  y).  (205) 


The  additional  work  resulting  from  the  necessity  of  overcoming  the 
surface  energy  barrier  can  be  performed  by  increasing  the  stress, 
which  should  have  the  magnitude 


t.. 


Aa 

P~  1 


(206) 


Using  (205),  we  produce  the  following  expression  for  the 
shear  stress  required  for  the  boundary  dislocation  to  reach  the 
surface: 


(207) 


Thus,  when  the  stress  is  increased  to  a  value  equalling  V/b, 
the  dislocation  can  overcome  the  surface  energy  barrier.  Assuming 

2  -8 

V  =  1000  erg/cm  and  b  =  3.5  •  lO-  cm,  we  find  that  T  ,  -  T  = 

B  S 

=  290  kg/ram2.  V.'e  can  see  from  this  that  the  surface  barrier  is 
r  rather  serious  obstacle  to  the  movement  of  dislocations. 


• 

we  do  not  consider  the  force  of  the 
facilitating  movement  dislocations  to  the 
This  is  possible  due  to  a  great  steepness 
barrier  ^57^7. 


"mirror  reflection," 
surface  of  the  metal, 
of  the  surface  energy 
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It  follows  from  formula  (207)  that  as  a  result  of  the  action 
of  a  surface  active  medium,  leading  to  the  decrease  in  surface 
energy  of  the  3olid  metal  from  y  ^  to  i  ^  the  excess  value  of 

shear  stress  is  decreased  by  the  quantity 

(208) 

Thus,  under  the  influence  of  a  surface  active  liquid  metal, 

completion  of  shear  in  the  slipping  plane  in  queetion,  with 

formation  of  a  surface  step,  occurs  with  a  shear  stress  which  is 

A  r  less  tr.an  that  required  with  the  formation  in  an  inert 
8 

medium.  We  can  see  from  formula  (208)  that  the  decrease  in  shear 
stress  is  proportional  to  the  decrease  in  surface  energy. 
Consequently,  the  effect  of  facilitation  of  plastic  deformation  is 
greater,  the  higher  the  surface  activity  of  the  liquid  metal. 

Analysis  of  the  effect  of  facilitation  of  plastic  deformation 
from  the  standpoint  of  the  atomic  interaction  shows  that  it  results 
from  weakening  of  the  forces  of  interaction  of  neighboring  atoms 
in  the  external  surface  layer  of  the  solid  metal  as  a  result  of 
establishment  of  new  bonds  with  atoms  of  the  liquid  metal.  Weaken¬ 
ing  of  the  bonds  facilitates  their  rupture  as  dislocations  surface 
at  lower  stresses  than  when  the  influence  of  the  medium  is  absent. 

The  diagram  on  Figure  128,  which  was  suggested  for  explana¬ 
tion  of  the  influence  of  surface  active  media  on  metal  being 
deformed  by  Benedict  j&l'f/  and  K.  I.  Chayevskiy  gives  a 

clear  idea  of  this  type  of  interaction.  'We  can  see  from  this 
diagram  that  the  excess  bonds  of  surface  atoms  of  the  solid  metal, 
causing  its  free  surface  energy,  are  partially  used  in  the  inter¬ 
action  with  atoms  of  the  liquid  metal,  leading  to  a  decrease  in 
surface  energy. 

The  importance  of  the  surface  in  the  process  of  deformation 
of  a  crystal  is  dttermined  by  the  presence  of  the  subsurface 
sources  of  dislocation,  which  have  one  point  of  attachment,  as  well 
as  the  increased  density  of  dislocations  sources  in  the  surface 
layer  £543,  344,  372/ •  For  example*  we  know  that  the  critical 
stress  determining  the  activity  of  the  Frank-Reed  source  with 
one  attachment  point  is  only  half  the  critical  stress  of  a  source 
with  two  attachment  points  ^376,  3807.  The  increased  density  of 
dislocation  sources  in  the  surface  layer  of  metal  has  been 
established  in  experiments  involving  the  etching  away  of  this  layer 

£727. 
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a  b 


Figure  12$.  Diagram  of 

interaction  of  atoms 
of  liquid  and  solid 
metals  at  interphase 
boundary : 
a,  inert  medium; 
bt  surface  active 
medium. 


Let  vs  analyze  tbe  influence  of  a  surface  active  liquid  metal 
on  the  process  of  stable  creep  of  a  solid  metal.  Let  us  trace  the 
movement  of  a  boundary  dislocation  to  the  surface  of  the  crystal, 
terminating  in  the  formation  of  a  step.  First  of  all,  the  dis¬ 
location  must  travel  from  its  initial  point  to  the  surface.  We 
represent  by  t^  the  time  required  for  it  to  move  to  the  surface, 

by  the  activation  energy  defining  the  movement  of  the  dislocation 

over  the  sector.  The  probability  of  passage  of  a  dislocation  along 
a  path  within  the  crystal  is  =  1/t^  over 

(209) 


where  u/  is  the  natural  frequency  of  thermal  oscillations  of  the 
atoms.  The  final  stage-movement  of  the  dislocation  to  the  surface  - 
occupies  a  time  equal  to  tg,  while  the  probability  of  movement  to 

the  surface  W0  n  l/tg  is  defined  by  the  value  of  the  surface  energy 

barrier,  which  is  £  V  -  C'(<r)7  a2,  where  V  is  the  free  surface; 

is  the  work  performed  by  external  forces;  a  is  the 
crystalline  lattice  constants.  From  this  the  probability  of  move¬ 
ment  of  a  dislocation  to  the  surface  is  determined  by  the  equation 


i»Y-<?<0) 
---  (00  *T  , 


(210) 


where  ".( <T  )  =  a2^'(<r).  The  time  required  for  performance  of  the 
entire  orocess  is  >  tfi,  while  the  probability  W  =  l/(td  ♦  tg)  or 


IF- 


IKdtJ', 

i  +  iv, ' 


(211) 


Since  the  creep  rate  v 
plastic  deformation, 


is  proportional  to  the  probability  of 


Sd  my -0(a)  *  (212) 

e"  »+.  “fir- 
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Let  us  analyze  the  two  extreme  eases.  In  the  first  case,  the 
probability  of  overcoming  barriers  within  the  crystal  is  much  less 
than  the  probability  of  overcoming  the  surface  barrier,  that  is 
«  Wg.  This  relationship  is  apparently  realized  at  high  tempera¬ 
tures,  when  movement  of  dislocations  is  achieved  by  the  mechanism 
of  creeping  over  into  neighboring  slipping  planes  ^8l -5&^7  and  is 
determined  by  the  activation  energy  for  self-diffusion  in 

equations  (209)  and  (212)  is  in  this  case  the  self-dif fusion 
activation  energy7»  Representing  the  creep  rate  at  a  certain 
stress  level  in  the  metal  ir.  an  inert  medium  as  v^,  and  in  a 

surface  active  liquid  metal  medium  at  the  same  stress  as  V£, 
we  can  use  relationships  (211)  and  (212)  to  find  vg /v^  ~  1 , 

tfcct  is  in  this  case  the  liquid  metal  will  not  influence  the  stable 
creep  rate. 


In  the  second  case,  we  assume  that  the  surface  barriers  are 
•j  more  serious  obstacle  for  dislocations  than  the  internal 
carriers,  from  which  it  follows  that  Wg  less  than  W^.  This 

variant  is  apparently  possible  at  relatively  low  temperature  with 
low  applied  stresses.  One  favorable  condition  for  the  appearance 
of  this  variant  is  low  transverse  size  of  the  specimen.  Using 
relationships  (211)  and  (212)  and  assuming  that  the  proportionality 
factor  is  (212)  for  Vj  and  v^,  is  identical,  we  produce* 


LL  ~  e — ki 

<>r  ~ 


(213) 


Thus,  in  the  second  case  the  liquid  metal  can  perform  its 
adsorption  effect.  It  follows  from  equation  (213)  that  with 
identical  applied  stress  and  identical  temperature,  the  rate  of 
creep  in  the  liquid  metal  is  higher  than  in  the  inert  medium 
(  VT  >  1/  ,j,  g  according  to  the  condition).  Equation  (213)  also 

shows  that  the  influence  of  the  liquid  r.etal  on  the  creer  rate  of 
the  solid  metal  should  decrease  with  increasing  temperature. 


This  relationship  of  rates  of  stable  creep  in  liquid  metal 
and  in  an  inert  medium  was  observed  in  experiments  with  copper, 
the  results  of  which  are  presented  in  Chapter  III,  Apparently 
in  this  case  the  value  of  the  surface  energy  barrier  ia  comparable 
to  the  value  of  the  internal  barriers. 


+ 

•e  note  that  an  equation  similar  to  (213)  was  produced  earlier 
by  V.  I.  Likhtman  on  the  basis  of  the  conception  of  creep  as  a 
process  of  viscous  flow. 
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On  the  basis  of  formula  (213) ,  we  produce  the  following 
approximate  relationship: 


Y»-Yt  .Jt 


k  Q't— Q'r,  f 

R  Si-"*-  . 


(214) 


where  and  ^  ^  are  the  activation  energies  for  stable  creep 

in  an  inert  medium  and  in  liquid  metal  respectively.  Comparing 
(214)  and  (202),  we  find 


Qt-Qt.  i 


^  2. 


(215) 


Consequently,  in  the  second  variant  the  change  of  creep 
activation  energy  under  the  influence  of  surface  active  liquid 
metal  is  approximately  half  as  great  as  the  change  of  rupture 
activation  energy. 


This  result  follows  from  the  fact  that  two  atoms  move  into 
new  positions  as  the  crack  length  is  increased  by  one  interatomic 
distance,  while  when  the  dislocation  reaches  the  surface  of  the 
crystal,  only  one  atom  moves  into  a  new  position.  In  other  words, 
this  result  is  caused  by  the  formation  of  a  new  surface  unit  of 
area  2a2  upon  the  rupture  of  one  atomic  bond  in  the  crack  and  a 
surface  unit  of  area  a2  upon  the  rupture  of  one  atomic  bond, 
accompanied  by  appearance  of  a  dislocation  on  the  surface.  This 
relationship  thus  demonstrates  that  the  influence  of  the  adsorption 
active  medium  on  the  process  of  rupture  is  greater  than  its 
influence  on  the  process  of  deformation.  The  quantities 
characterizing  the  process  of  rupture  of  the  metal  should  undergo 
greater  change  due  to  the  adsorntion  influence  of  the  medium  in 
the  quantities  characterizing  the  process  of  deformation. 


Let,  us  use  the  experimental  data  on  the  temperature 
dependence  on  the  creep  rate  of  copper  presented  in  Chapter  II J, 
Section  2.  The  experiments  showed  that  the  activation  energy  of 
stable  creep  of  copper  with  a  strers  of  4kg/mm2  in  an  inert 
medium  is  =  42,5  kcal/g.atom,  while  in  liquid  bismuth 

.  s  34.5  kcal/g.atom.  Using  the  value  Q™  =  38.6  kcal/g.atom 
*  •  \  * 

and  the  value  Q^,  ^  =  23.4  kcal/g.atom  presented  earlier,  we  find 
(■"ip  -  ^  )/(0jp  -  Op  _£  )  =  1.9.  Thus,  fulfillment  of  relation¬ 

ship  (215),  as  well  as  the  data  presented  above,  indicates  that 
the  experiments  with  copper  represent  the  second  variant. 

Another  result  follows  from  formula  (213),  which  is  correct 
for  the  second  variant.  Apparently,  the  increase  in  the  stable 
creep  rate  under  the  influence  of  the  liquid  metal  occurs  in  the 
following  inequality  is  observed: 
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Yt-Yt..£>-^.  (210  | 

1 

This  inequality  can  be  looked  upon  as  the  energy  condition 
for  the  adsorption  influence  of  the  medium  on  the  stable  dreep 
rate  of  the  metal. 

For  the  case  of  tests  of  copper  for  creep  in  liquid  bismuth 
at  temperatures  of  300-400°  C  on  the  basis  of  equation  (216),  we 
find  that  A/  80-100  erg/cm^.  Consequently,  the  increase  in 
the  creep  rate  of  copper  in  liquid  bismuth  may  occur  if  the  decrease 
in  free  surface  energy  of  copper  in  the  liquid  metal  is  about 
2 

100  erg/cm  ,  Comparing  this  quantity  w^th  the  values  of  Ay1  , 
presented  above,  which  were  produced  experimentally  and  by 
calculation  using  the  results  of  creep  tests,  we  find  that  they 
are  in  good  agreement. 

It  was  assumed  earlier  that  the  liquid  metal  influences  the 
processes  of  deformation  and  rupture  of  the  solid  metal  because  it 
causes  a  decrease  in  free  surface  energy  of  solid  metal.  However, 
the  fulfillment  of  this  condition  ir  necessary  but  insufficient 
for  the  observation  of  adsorption  effects.  Cases  are  possible 
when  the  liquid  metal  causes  a  strong  decrease  in  surface  energy 
but  still  the  changes  in  strength  and  plasticity  characteristics 
do  not  occur.  These  cases  can  be  explained  by  considering  the 
kinetic  factor 

If  the  rate  rt  propagation  of  a  crack  under  the  influence  of 
an  applied  strerc  is  higher  than  the  rate  of  penetration  of  the 
liquid  metel  into  the  end  portion  of  the  crack,  the  influence  of 
the  medium  on  the  strength  and  plasticity  of  the  deformed  metal 
will  not  be  observed.  Aa chough  in  this  case  the  interface  energy 
of  the  newly  formed  suriace  is  lees  than  in  the  case  of  rupture  in 
an  inert  medium,  this  decrease  occurs  after  its  formation. 

Obviously,  with  sufficiently  high  rate  of  appearance  of 
dislocations  on  the  surface,  the  atoms  of  the  liquid  metal 
located  at  the  point  of  appearance  will  be  "repelled"  in  the 
direction  of  movement  of  the  dislocation  as  a  result  of  inter¬ 
action  with  the  atoms  of  the  solid  metal  located  in  the  slipping 
plane,  which  makes  up  the  surface  of  the  step.  As  a  result,  the 
next  atom  (looking  at  a  one-dimensional  model)  must  overcome  the 
surface  barrier  of  the  same  magnitude  as  in  an  inert  medium. 

Thus,  an  increase  in  the  rate  of  deformation  should  lead  to 
disappearance  of  adsorption  effects.  This  influence  of  deformation 
rates  on  strength  and  plasticity  of  a  material  in  such  a  medium 
has  been  observed  experimentally,  for  example  during  dynamic 
bending  of  steel  discs  covered  with  solder  (see  Chapter  I,  Section 
3). 
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Ar.  approximate  expression  of  the  kinetic  condition  of 
adsorption  reduction  in  strength  can  be  produced  for  the  case  of 
deforr.ntj.or.  of  the  metal  with  constant  rate  ^3 84/.  We  represent 
by  <$  the  relative  elongation  of  a  specimen  at  the  moment  of 
rupture  when  tested  at  constant  extension  rate  at  £  =  d£/dt 
in  ar.  inert  medium.  The  time  to  rupture  of  such  a  specimen  is 
t^  =  $/  i  .  '.e  represent  further  by  v^  the  mean  rate  of 

penetration  of  liquid  metal  atoms  into  the  end  portion  of  a  crack, 
Assuming  that  the  diameter  of  the  specimen  is  L,  we  find  that  the 
time  required  for  extension  of  the  liquid  metal  through  the  entire 
cross  section  is  t,  ~  L/v., .  Since  the  rate  of  movement  of  the 

X  -L 

liouid  metal  must  be  higher  then  the  rate  of  propagation  of  a 
crack,  the  kinetic  condition  for  the  adsorption  effect  is  written 
in  the  form  t^  -c  t^ 

or  £  <  -£~-  •  (21?) 

Thus,  the  rate  of  deformation  of  a  specimen  should  not 
exceed  6 /L  if  the  adsorption  decrease  in  strength  is  to  occur*. 

However,  condition  (217)  is  quite  approximate.  The  deformation  of 
metal  and  development  of  cracks  in  it  occur  unevenly  both  in  time 
and  in  space,  frequently,  several  cracks  are  formed  in  a  metal 
each  of  which  develops  at  a  different  rate  at  vhe  same  time. 

During  the  course  of  deformation  to  rupture  of  a  specimen  ,  each 
crack  develops  unevenly  -  its  rate  of  propagation  increases,  then 
decreases.  Dislocations  move  to  various  portions  of  the  surface 
at  different  rates  during  deformation  of  metal  as  well.  Their 
mean  rate  of  movement,  and  consequently,  the  mean  rate  of  appear¬ 
ance  on  the  surface  change  with  time  as  the  stress  state  and 
structure  of  the  metal  change.  Therefore,  a  surface  active  medium 
will  fail  to  influence  the  development  of  certain  groups  of  cracks 
and  will  fail  to  facilitate  the  appearance  of  certain  dislocations 
on  the  surface  in  the  various  time  intervale.  During  the  same 
tine  interval,  however,  another  group  of  tracks  and  dislocations 
might  experience  the  full  influence  of  the  liquid  metal.  Finally, 
yet  a  third  group  may  experience  a  partial  influence.  The  effects 
of  the  liquid  metal,  evaluated  according  to  the  loss  of  strength, 
plasticity  or  decrease  in  time  to  rupture  of  the  specimen,  is  an 
integral  effect  in  relation  to  the  elementary  events  of  inter¬ 
action  of  atoms  of  a  solid  and  liouid  metals.  Nonfulfillment  of 
the  kinetic  condition  of  the  adsorption  influence  of  the  medium  on 
the  microscopic  scale  should  lead  to  a  decrease  in  the  macroscopic 
effect  relative  to  itr  maximal  possible  value.  Consequently,  the 
value  of  free  surface  energy  in  equations  describing  the  rupture 
-  _  — 

The  more  complex  case  when  the  quantity  of  liouid  metal  is 
limited  and  the  liquid  metal  is  dissolved  in  the  metal  of  the 
specimen  is  analyzed  in  reference  ^£4-5827. 
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and  the  deformation  of  a  solid  metal  in  a  liquid  metal  is  an 
effective  quantity,  not  a  true  (equilibrium)  value. 

I  .  describing  the  rupture  of  polycrystalline  metals  in  a 
liquid  metal  medium  (see  Chapter  I-IV)  it  was  noted  that  cracks 
develop  preferentially  along  grain  boundaries.  Although  the 
particular  role  of  grain  boundaries  may  be  related  to  inter¬ 
crystalline  corrosion  and  boundary  diffusion  of  liquid  metal  atoms 
the  intercrystallite  rupture  under  stress  may  also  result  from  the 
adsorption  influence  of  the  medium  methods  ^G?,  215,  388/. 

As  before,  we  will  represent  the  free  surface  energy  of 
the  solid  metal  in  an  inert  medium  as  V^,,  and  in  the  liquid  as 
^ ;  we  will  further  suppose  that  the  free  energy  of 

the  grain  boundaries  of  the  solid  metal  is  Y^,  i'hen  we 
produce  the  value  of  2  i ^  for  the  work  *  expended  in  the 

formation  of  a  rupture  surface  of  unit  area  in  an  inert  medium  if 
the  crack  is  a  transcrystallite  type,  or  2  -  V m  m  if  the 

i  A  .  A 

crack  is  an  intercrystallite  type.  The  work  expended  in  the 
formation  of  the  same  surface  in  case  of  rupture  in  a  surface 
active  liquid  metal  will  be  2  V,p  o  and  2>L  -  V  „  _  respectively 

Although  (2  T)  less  than  2  since  usually  ^  Y  T 

^67»  382 /  still  at  low  temperatures  the  increased  grain  boundary 
energy  in  comparison  to  the  grain  volume  is  not  as  geat  as  the 
higher  strength.  That  is,  the  decisive  factor  is  not  their  non¬ 
equilibrium  state  in  the  thermodynamic  sense,  but  rather  their 
ability  to  withstand  a  higher  load.  The  analogy  with  a  work- 
hardened  metal,  the  free  energy  of  which  is  higher  than  annealed 
metal,  although  the  strength  of  the  former  is  greater  than  that  of 
the  latter,  is  applicable.  In  connection  with  this  at  low  temper¬ 
ature  in  an  inert  medium,  a  polycrystalline  metal  ruptures  through 
the  body  of  a  grain. 

When  the  same  metal  is  acted  upon  by  a  liquid  metal, 

(2  ^T.  i  “  ^T.T.^  44  2^T  since  Y  „  In  this  case,  the 

nonequilibrium  state  of  the  Train  boundaries  is  decisive,  so 
that  a  crack  develops  between  crystallites.  .Incidentally,  it 
can  be  shown  that  the  second  inequality  is  more  strongly  expressed 
than  the  first,  if  the  first  is  divided  by  2  the  second  by 

J. 

2Yrj,  £»  Then,  assuming  that  the  left  portion  of  the  first  in¬ 
equality  is  greater  than  the  left  oortion  of  the  second,  we  find 
1/7*  j  ^  >  1/Yt»  which  is  true  according  to  the  condition.) 


At  high  temperature,  polycrystalline  metals  rupture  between 
crystallites  in  the  inert  medium  as  well  ^146,  268,  3927;  a  liquid 
metal  medium  therefore  causes  no  change  in  the  nature  of  rupture  of 
the  metal,  nearly  facilitating  more  rapid  development  of  inter¬ 
crystallite  cracks. 

Let  us  now  present  the  results  of  certain  experimental 
investigations  revealing  the  various  specifics  of  the  mechanism  of 
the  adsorption  influence  of  liquid  metals  on  solid  metals  during 
the  process  of  deformation. 

2.  Hegularities  of  Change  in  Characteristics  of 
Long  Term  Strength  and  Creep  of  Metals  Under¬ 
neath  the  Influence  of  Adsoi ption 


The  regularities  of  the  influence  of  adsorption-active  liquid 
metal  on  solid  metal  during  the  process  of  creep  can  be  analyzed 
on  the  basis  of  experimental  data  for  IE437 B  nickel  alloy.  This 
alloy  has  been  tested  for  creep  to  rupture,  that  is  the  test  were 
tests  for  long  term  strength  as  well.  The  influence  of  liquid 
sodium  on  the  alloy  was  investigated  739l7«  The  were  per¬ 

formed  using  turned  tubular  specimens  with  external  diameter 
11  mm  and  wall  thickness  0.5  cun. 

The  specimens  were  filled  with  liquid  sodium  filtered  at 
120-150°  C,  providing  for  an  oxygen  content  of  about  0.01  wt»  %. 
After  the  specimens  were  filled,  plugs  made  of  the  same  material, 
as  the  specimen  were  welded  on  in  order  to  seal  the  volume  contain¬ 
ing  the  liquid  sodium  during  the  tests.  Thus,  in  contrast  to  the 
more  commonly  used  experimental  methods  involving  specimens  with 
surface  coatings  or  tests  in  open  liquid  metal  baths,  in  this  case 
the  physical  and  chemical  properties  of  the  liquid  metal  could  not 
change  as  a  result  of  interactions  with  components  in  the  air.  In 
addition  to  the  specimens  filled  with  sodium,  control  specimens 
filled  with  argon  were  also  tested.  (Subsequently,  we  will 
arbitrarily  refer  to  these  specimens  at  this  being  tested  in  air, 
and  will  refer  to  the  specimens  containing  sodium  as  having 
been  tested  in  sodium. ) 

Long  term  strength  tests  of  alloy  EI437B  in  liquid  sodium 
and  in  air  were  performed  with  monoaxial  extension  using  the 
ordinary  method.  The  deformation  of  specimens  in  the  process  of 
creep  wa?  recorded  using  circular  dial  type  indicators.  All  tests 
were  performed  at  800°  C. 
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Figure  129  shows  the  dependence  of  time  to  rupture  of 
specimens  in  air  and  in  liquid  sodium  on  applied  stress.  It 
follows  from  the  graph  that  the  liquid  metal  medium  causes  a 
significant  decrease  in  long  term  strength  of  the  allow,  the  effect 
of  its  influence  increasing  with  decreasing  stress.  Since  the 
exponential  dependence  between  time  to  rupture  and  stress  is 
observed  in  both  cases,  the  effect  of  the  adsorption  influence  of 
the  liquid  metal  can  be  characterized  by  th»  equation 

=  A,  "c l/n"l/n/  where  K  r ^  is  the  coefficient  of  the  influence 

of  the  liquid  metal  on  the  long  term  strength  of  the  solid  metal 
(see  Chapter  II,  Jection  1). 


Figure  129.  Time  to  rupture  as  a  function  of 

applied  stress  for  alloy  EI437B  at  800  C 
in  air  (1)  and  in  the  liquid  sodium  (2). 

The  creep  characteristics  were  also  significantly  changed 
when  the  alloy  was  tested  in  liquid  metal.  These  changes  can  be 
clearly  seen,  for  example,  from  the  graphs  of  the  dependence  of 
duration  of  the  first  creep  period  X  the  second  creep  period 

~c ^  and  the  third  creep  period  as  well  as  relative  elongation 

during  each  period  S  an<*  ^  3  resulting  from  the  stress 

(Figure  130).  We  can  see  from  the  figure  that  the  duration  of  all 
periods  of  creep  is  decreased  in  the  liquid  sodium  medium;  the 
relative  elongation  accumulated  by  a  specimen  during  the  first  and 
second  periods  was  found  to  be  identical  in  sodium  and  in  air; 
however,  during  the  third  period  the  relative  elongation  in  the 
liquid  metal  decreased  sharply.  All  of  these  change  increase  with 
decreasing  stress.  The  dependence  shown  on  Figure  130  represent 
the  schematic  curves  of  solid  metal  creep  in  an  inert  medium  and  in 
a  surface  active  liquid  metal  with  identical  stress,  as  shown  on 
Figure  131. 
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figure  130.  Duration  of  individual  creep  periods 
and  relative  elongation  as  functions  of 
stress  for  El43?B  alloy  at  800°  C  in  air 
(1)  and  in  sodium  (2). 

The  liquid  sodium  caused  an  essential  increase  in  the  creep 
rate  of  SI437B  alloy.  Figure  132  shows  the  dependence  of  the 
stable  creep  race  on  stress  in  liquid  metal  and  in  air.  We  can 
see  from  the  graph  that  the  adsorption  effect  of  the  medium  on  the 
creep  process  increases  with  decreasing  stress.  The  dependences  of 
the  mean  velocities  on  stress  for  the  first  (v^  =  end 

third  (vj  s  T^)  creep  periods  were  constructed.  It  was  found 

that  the  liquid  metal  causes  an  increase  in  the  creep  rate  both  at 
the  beginning  and  at  the  end  of  the  process.  Furthermore,  it  was 
established  that  an  exponential  dependence  is  observed  between  the 
mean  creep  rate  in  the  first  period  and  the  stress,  just  as  in  the 
second  period  (at  least  within  the  rate  intervals  studied). 

In  correspondence  with  the  above  the  adsorrtion  influence  of 
liquid  metal  is  characterized  by  the  following  expression  for  the 
coefficient  of  increased  creep  rate:  K  =  Ct  q-  r:‘£  ,  where 
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are  constants  (see  Chapter 


Figure  131.  Diagram  of  change 
in  creep  curve  of  metal 
caused  by  adsorption 
influence  of  liquid  metal 
medium:  1,  in  air;  2, 
in  liquid  metal. 


time 

There  is  interest  in  a  comparison  of  the  values  of  the 
coefficients  of  increased  creep  rate  in  liquid  metal  in  the  first, 
second  and  third  periods  on  one  graph.  This  comparison  (Figure 
133)  shows  that  the  liquid  metal  medium  has  the  least  inf3.uence  on 
the  stable  creep  rate,  and  influences  the  creep  rate  in  the  first 
and  third  periods  much  more  sharply. 


6. 


it 

Figure  132.  Hate  of  stable  creep  as  a  function 
of  stress  for  E143?B  alloy  at  a  800°  C  in 
air  (l)  and  in  sodium  (2). 


or  is  the  stress;  C„,  m  and  m. 
Ill,  Section  1).  * 


gure  133.  Coefficient  of 
increased  creep  rate 
as  a  function  of  stress 
for  114373  alloy  in 
liquid  sodium  at  800  C; 

1’  Kvl5  2’  Kv2;  Kv3* 
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The  effects  which  we  h?ve  described  in  the  influence  of 
liquid  sodium  on  long  term  strength  and  creep  of  EI437B  alloy 
result  from  adsorption.  In  order  to  test  for  corrosion  damage  of 
the  specimens,  microsectiors  were  prepared  after  rupture.  Micro- 
structural  analysis  showed  no  traces  of  corrosion  effects  of  the 
liquid  metal.  Spectral  analysis  confirmed  the  absence  of 
diffusion  of  sodium  into  the  alloy.  Thus,  the  influence  of  the 
liquid  metal  in  this  case  results  completely  from  its  ability  to 
decrease  the  surface  interface  energy  at  the  boundary  between  the 
solid  and  the  liquid  metals.  This  would  be  expected,  for  example, 
on  the  basis  of  data  on  "wetability"  reference  It  should 

also  be  emphasized  that  the  conditions  of  performance  of  the 
experiments  (grain  size  of  material  -  2-3  grains  in  cross  section 
of  specimen)  facilitated  appearance  of  the  adsorption  effect  of  the 
medium  ^92/. 

The  effects  of  the  adsorption  influence  of  the  liquid  metal 
correspond  to  the  existing  dislocation  concept  concerning  the 
processes  of  creep  and  rupture  of  metals  ^381-383,  393,  39it7»  Bet 
us  attempt  first  of  all  to  explain  why  the  adsorption-active  medium 
causes  an  increase  in  the  creep  rate  which  is  much  sharper  in  the 
first  period'  than  in  the  second  period.  At  first,  immediately 
after  loading  of  the  specimen,  a  large  number  of  dislocations  begin 
to  move.  The  rate  of  plastic  deformation  in  this  case  is  deter¬ 
mined  by  the  rate  of  movement  of  the  dislocations  and  the  influence 
of  applied  stress.  As  time  passes,  the  number  of  moving  dis¬ 
locations  decreases,  since  some  of  them  are  held  up  by  the  various 
obstacles.  Certain  obstacles  were  already  present  in  the  structure 
of  the  metal  before  the  beginning  of  deformation,  while  others 
arose  as  a  result  of  deformation  (for  example,  dispersive  separa¬ 
tion  of  the  second  phase,  packing  defects,  interstitial  atoms, 
steps  at  dislocations,  stress  fields  of  other  dislocations,  etc). 

As  a  result  of  this,  the  creep  rate  drops  gradually  and,  finally 
reaches  its  equilibrium  value,  characteristic  for  the  second 
creep  period.  During  this  period,  if  creep  occurs  at  high  tempera¬ 
ture,  further  displacement  of  dislocations  is  possible  only  after 
creeping  over  into  a  neighboring  slipping  plane,  where  obstacles 
on  the  creeping  path  (or  a  portion  of  the  path)  are  absent.  The 
process  of  creep  over  is  a  diffusion  process,  and  its  activation 
energy  is  equal  to  the  activation  energy  of  self  diffusion.  If 
the  creep  occurs  at  lew  temperature,  the  activation  energy  of  the 
creep  is  less  than  the  activation  energy  of  self-diffusion  and 
depends  on  the  va?ue  of  stress  applied  (decreases  with  increasing 
stress) . 

Thus,  with  both  high  and  low  temperature  creep  che  difference 
between  the  varucs  of  the  energy  barriers  which  the  dislocations 
overcome  as  thev  move  within  the  metal  and  come  to  the  free 
surface  are  greater  for  the  second  creep  period  than  for  the 
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first  period.  This  means,  according  to  the  preceding  section, 
that  the  degree  of  the  influence  of  the  surface  active  liquid 
metal  on  the  first  period  should  be  greater  than  on  the  second 
period. 


Obviously,  the  increase  in  the  adsorption  influence  of  the 
medium  at  the  beginning  of  creep  also  results  from  the  greater 
activity  of  surface  sources  of  dislocations.  Frank-Reed  sources 
with  one  point  of  attachment  can  play  an  essential  role  in  this 
process,  since  they  begin  to  act  at  stresses  half  as  great  as  the 
activation  stress  for  sources  with  two  points  of  attachment, 
experimental  proof  has  been  presented  to  indicate  that  plastic 
deformation  begins  in  the  surface  layer  of  a  crystal;  for  example, 
this  has  been  shown  by  the  well  known  experiments  of  Suzuki  ^59^7 
and  of  Chalmers  and  Davis  7596/.  The  influence  of  the  state  of 
the  surface  on  plastic  deformation,  including  its  initial  stage, 
has  been  confirmed  by  many  experiments  with  specimens  covered  with 
films  of  solid  metals  $92/» 

The  weakening  of  the  adsorption  influence  of  the  liquid  metal 
on  a  solid  metal  upon  transition  from  the  first  stage  of  creep  to 
the  second  stage  is  also  confirmed  by  the  results  of  relaxation 
tests  c '  steel  in  liquid  sodium  ^398 /.  It  is  then  established 
that  in  this  case  the  influence  of  liqu_d  metal  on  the  process  of 
relaxation  of  stresses  decreases  with  passing  time.  If  we  consider 
that  relaxation  is  creep  with  decreasing  stress,  it  should  be 
expected  that  the  physical  processes  forming  the  two  phenomenon 
would  be  identical.  T!k  decrease  of  stress  in  relaxation  tests 
can  lead  to  an  increase  in  activation  energy  of  displacement  of 
dislocations  in  comparison  with  its  value  during  creep  tests  under 
stress  maintained  equal  to  the  initial  stress  upon  relaxation. 

(The  following  dependence  of  activation  energy  or.  stress  t_  is 

o 

considered  correct:  Q  =  0,n  -  Ab  r  ,  where  b  is  the  Burger  vector; 

A  is  the  area  of  the  surface  covered  by  the  dislocation.) 

Therefore,  the  time  dependence  of  the  adsorption  effect  in  test3 
with  relaxation  should  be  expressed  even  more  sharply  than  in 
tests  with  creep. 

Figure  133  shows  that  the  adsorption  effect  of  sodium  on 
the  alloy  is  reinforced  once  more  in  tne  third  creep  period.  This 
peculiarity  of  the  influence  of  tne  liquid  metal  con  be  under,  ood 
if  we  consider  that  in  addition  to  the  deformation  processes, 
cracks  develop  under  creep  conditions ,  As  time  passes,  both  the 
number  of  cracks  and  their  length  increase .  Furthermore,  the 
rate  of  growth  of  cracks  increases  7399-^0^7,  It  i3  also 
characteristic  that  all  of  those  changes  are  particularly  sharply 
expressed  during  the  third  creen  period.  Therefore,  the  rein¬ 
forcement  of  the  adsorption  effect  can  he  caused  by  the  following 
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factor:  first  of  all,  by  an  increase  in  the  number  and  length  of 

cracks,  leading  to  an  increase  in  the  effective  stress  and 
causing  an  increase  in  the  number  of  active  dislocations;  secondly, 
by  the  fact  that  the  surface  active  metal  facilitates  acceleration 
of  the  development  of  the  cracks  themselves,  which  is  reflected  in 
the  total  value  of  relative  elongation  (an  important  part  of  the 
relative  elongation  of  the  specimen  during  the  third  period  is  a 
result  of  increasing  velocity  Ol/).  The  specific  nature  of  the 
third  creep  period  related  to  the  intensive  development  of  cracks 
is  also  reflected  in  the  fact  that  the  elasticity  during  the 
third  period  in  liquid  metal  i3  less  than  air,  whereas  during  the 
first  and  second  periods  the  plasticity  is  identical  in  the  two 
media. 


The  effect  of  the  increased  adsorption  influence  of  the 
liquid  metal  with  decreased  stress  described  above  is  apparently 
related  to  the  decreased  rate  of  movement  of  dislocations  in  this 
case.  The  denendenco  of  the  mean  rate  of  movement  of  boundary 
dislocations  v  on  applied  stress  X  in  reference  can  be 

represented  in  the  form 

v  ==  r0e-p/f',  (2l8) 

where  v^  is  the  maximum  possible  rote  of  movement  of  dislocations 
equal  to  the  speed  of  sound  in  the  metal;  is  a  constant. 

Formula  (218)  allows  us  to  calculate  the  mean  rate  of 
dislocations  with  constant  stress.  However  in  various  sectors  of 
the  crystal  individual  dislocations  move  at  different  speeds,  as 
a  result  of  the  influence  of  local  stresses,  which  may  be  either 
higher  or  lower  than  the  applied  stress,  therefore,  and  in 
consideration  of  the  factors  outlined  in  the  preceding  section, 
one  group  of  dislocations  with  mean  velocity  v^  will  not 

experience  the  influence  of  the  liquid  metal  as  it  arrives  at  the 
surface;  the  mean  velocity  of  dislocations  of  another  group  were 
increased  to  the  maximum  under  the  influence  of  the  medium  (from 
v2  tc  v 2  )  and,  finally,  the  mean  velocity  of  dislocations  of 

the  third  group  will  increase  but  to  a  lower  degree  than  the 
velocity  of  the  second  group  (from  the  v^  to  v.^  ).  Obviously 

in  connection  with  (218),  the  following  inequalities  will  be 
fulfilled:  >  v^  >  ^  and  >  v-^>  ^2  £  *  IT  we  represent 

the  dislocation  density  as  n,  its  partial  values  corresponding  to 
each  group  of  dislocationa  n?  and  n^,  and  the  Burger  vector 

aa  b,  the  creep  rate  in  an  inert  medium  is  expressed  by  £  - 

=  b^n^v^  +  n2v2  +  while  the  creep  rate  in  the  liquid 
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metal  *■£  =  b/nyj^  +  n2~2  l  +  n3V3C-^*  Since  the  v.,^  >  v, 
and  vv^  *  v^,  we  produce  tii  ?  £  • 


As  the  apolied_stress  is  changed. 

differences  (v_  ,  -  v_.)  and  (v-,  „  -  v,) 
2X  2.  3 

number  of  dislocations  in  each  group. 

leads  to  a  decrease  in  the  values  of  n 


the  values  of  the 
will  change,  as  will  the 

Increasing  the  stress  first 
then  to  complete 


disappearance  of  the  second  group  of  dislocations  and,  finally, 
at  a  certain  critical  stress  value,  the  adsorption  effect  of  the 
medium  appears  no  longer. 


3.  Adsorption  Effect  v;_*;h  >efornation  by 
Compressive  Lead 

In  works  on  the  investigation  of  the  influence  of  a  liquid 
metal  medium  on  a  solid  metal  in  the  stressed  state  it  is  generally 
emphasized  that  this  influence  appears  in  the  presence  of  tensile 
stresses.  For  example,  tests  with  short  term  bending  have  rfemonstra- 
ted  that  the  strength  and  plasticity  of  solid  metals  do  not  change 
if  the  liquid  metal  is  applied  to  the  compressed  side  of  the 
specimen  (see  Chapter  I,  Section  1).  however,  on  the  basis  of  the 
concepts  concerning  the  mechanism  of  the  influence  of  an  adsorption 
active  liquid  metal  medium  on  the  process  of  deformation  of  a 
solid  metal  which  we  have  presented,  we  would  expect  the  medium 
to  have  an  influence  during  compression  as  well.  Naturally,  if  the 
adsorption  effect  is  aslated  to  facilitation  of  movement  of  dis¬ 
locations  to  the  surface  of  the  specimen  as  e  result  of  decreased 
resurface  energy  of  the  steps  formed,  it  should  be  observed  during 
compressive  stress  a6  well. 

In  order  to  check  this  assumption,  the  influence  of  liquid 
metal  on  theprocess  of  creep  during  monoaxial  compression  was 
studied  ^To4 /.  Ihe  combination  of  solid  copper  (type  i-t-1)  and 
liquid  bismuth  was  selected  for  the  experiments,  since  the  presence 
of  adsorption  effects  in  this  system  is  beyond  doubt.  As  we 
know,  in  liquid  bismuth  a  significant  reduction  of  the  free 
surface  energy  of  solid  copper  occurs  ^Tll/,  and  a  decrease  in 
plasticity  of  copper  in  contact  with  this  liquid  metal  has  been 
observed  repeatedly  ^0^/. 

Tests  were  performed  with  tubular  cylindrical  specimens* 
with  a  wall  thickness  of  0.5  mm  and  an  internal  diameter  of  10  am. 


specimens  tested  after  annealing  for  two  hours  at  600 
vacuum  (about  10-if  mm  dg). 


C  in 
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The  liquid  metal  was  contained  inside  the  specimen;  the  working 
volume  was  sealed  by  welding  on  caps.  The  specimens  were  tested 
for  creep  using  type  UIM-5  machines.  Loading  of  the  specimens 
with  a  compressive  load  was  achieved  using  a  reverser.  Identical 
specimeii3  were  also  used  to  perform  tensile  tests  for  comparison 
with  results  of  the  compressive  creep  tests.  All  creep  tests  were 
performed  at  350°  C.  The  stresses  U3ed  in  the  tensile  tests  were 
lower  than  in  the  compressive  tests  since  when  high  tensile  loads 
were  applied  the  specimens  in  contact  with  the  liquid  bismuth 
were  ruptured  at  the  moment  of  application  of  the  load. 
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Figure  134,  Curves  of  creep  of  copper  at  350  C 
in  liquid  bismuth  (  6 )  and  air  (  ®  ) : 
a  -  compression;  1-0 r  =  -  4kg/mm“; 

2  -  cr  =  -  3  kg/mra  ;  3  -  cr  =  -  2  ltg/mm  ; 

p 

b  -  extensions;  1  -  CT  =  1.8  kg/mm'; 

2  -  <T  =  1.5  kg/mm2;  3  -  <T  =  1.0  kg/mn2. 


Figure  134  shows  creep  curves  in  air  and  in  liquid  bismuth 
for  compressive  and  tensile  stresses.  Vie  can  see  from  the  graphs 
that  the  creep  of  copper  in  liquid  bismuth  occurs  more  rapidly 
than  in  air,  both  in  extension  and  in  compression.  One  common 
feature  of  the  influence  of  the  liquid  metal  medium  in  both  cases 
is  the  fact  that  as  stress  decreases,  relative  influence  of  the 
medium  increases.  The  difference  lies  in  the  absolute  values  of 
deformation,  in  the  relative  strength  of  the  influence  of  the 
medium  and  in  the  fact  that  during  extension  in  liquid  bismuth, 
even  in  extremely  low  stresses,  creep  goes  over  into  the  third 
period  and  the  specimen  is  ruptured. 

Figure  135  shows  the  dependence  of  the  rate  of  stable  creep 
on  stress.  nese  dependences  indicate  that  during  compression 
and  extension  the  dependence  between  these  quantities  is  logrith- 
mic  and  that  this  is  true  fo:’  tests  in  air  and  in  the  liquid  metal 
medium.  The  degree  of  influence  of  the  liquid  metal  medium  is 
different  in  extension  and  in  compression:  in  extension,  the 
liquid  bismuth  .causes  a  consideribly  greater  increase  in  creep 
rate  than  in  compression  (with  identical  stress  values).  It  is 
also  characteristic  that  the  difference  in  creep  rates  in  air  and 
in  liquid  metal  is  greater,  the  lower  the  applied  stress  (Tnble  51). 
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Figure  135.  Stable  creep  as  a  function  of  stress 
for  copper  at  350°  0  in  air  (1)  and  in 


liquid  bismuth  (2): 
extension. 


a  -  compression; 


Thus,  a  surface  active  liquid  metal  influencing  the  process 
of  deformation  in  extension  also  influences  the  process  of 
deformation  in  compression.  The  nature  of  the  influence  is 
identical  in  both  cases,  but  the  degree  of  influence  is  higher  in 
extension.  The  greater  increase  in  creep  rate  in  the  liquid  metal 
in  extension  than  in  compression  is  explained  apparently  by  the 
fact  that  during  extension  rupture  cracks  are  formed  and  developed, 
while  during  compression  the  deformation  process  occurs  without 
formation  of  tracks  (at  least  in  the  material  tested  for  the  values 
of  deformation  covered  by  the  experiments).  Consequently,  in 
compression  the  liquid  metal  has  an  influence  only  on  the  process 
of  deformation,  while  in  extension  it  also  influences  the  process 
of  rupture  and  the  process  of  crack  development. 


Table  51 

Hesults  of  Creep  Tests  of  Type 
K-l  copper  at  350°  C  in  Liquid 
Bismuth  and  in  Air 


4„  Adsorption  Effects  as  Functions  of  Free 
Energy  of  Solid-Liquid  Ketal  Boundary 

The  adsorption  nature  of  the  influence  of  liquid  metal  on 
solid  metal  is  particularly  clearly  seen  when  the  change  in  free 
energy  of  the  solid-liquid  metal  boundary  is  established  by 
direct  experiments.  Figure  136  shows  the  dependence  of  the  energy 
of  the  solid  copper-liquid  metaj  Bi  -  Pb  alloy  boundary  on  the 
composition  of  the  alloy  at  350°  C  /B/.  The  graph  shows  a 
continuous  decrease  in  surface  energy  with  changing  alloy  composi¬ 
tion:  from  390  erg/cm?-  for  a  boundary  with  pure  lead  to  2&0  erg/cm^ 
with  pure  bismuth.  The  decrease  in  surface  energy  is  particularly 
sharply  noted  in  the  lead  concentration  interval  from  80  to  40,c. 


Work  /B/  presents  the  results  of  tests  of  copper  for  short 
term  rupture  in  the  Bi  -  Pb  melts.  It  was  found  that  the  change 
in  the  tensile  strength  and  relative  elongation  depended 
strictly  on  the  change  in  surface  energy  as  the  composition  of  the 
liquid  metal  was  changed,  proving  the  adsorption  origin  of  the 
effects  observed.  This  conclusion  would  be  even  more  convincing 
and  general  if  a  similar  regularity  were  produced  with  another 
type  of  test.  Therefore,  copper  was  tested  for  creep  and  long 
term  strength  in  Bi  -  Fb  alloys  of  varying  compositions  ^+06/. 


Figure  136.  Free  interphase 
energy  of  boundary  of 
copper  with  Bi  -  ?b 
alloys  at  350°  C. 


The  tests  were  performed  with  monoaxial  extension  of  tubular 
turned  specimens  with  wall  thickness  0,5  mm  using  the  methodology 
described  above.  The  specimens  were  prepared  of  M-l  copper, 
annealed  at  600°  C  for  two  hours  in  a  vacuum  of  about  10"  mm  Hg. 


All  tests  for  long  term  strength  and  creep  were  performed  at 
stresses  of  5  kg/mnr  and  350°  0.  The  time  to  rupture  of  the 
copper  as  a  function  of  liquid  metal  comoosition  was  represented 
on  the  graph  of  Figure  137  a.  We  can  see  that  the  lifetime  of  a 
specimen  under  constant  load  decreases  regularly  with  an  increase 
in  the  content  of  bismuth  in  the  melt.  Ti'e  amount  of  this 
increase  is  significant;  for  example,  whereas  the  time  to  rupture 
in  lead  is  5^0  hours,  in  liquid  bismuth  a  specimen  is  ruptured 
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after  17  hours.  It  is  characteristic  that  *,he  form  of  a  long  term 
strength  curve  on  Figure  137  a  is  similar  to  the  curve  of  inter¬ 
phase  energy  shown  on  Figure  136.  The  sharp  change  in  time  to 
rupture  curves  as  the  content  of  lead  in  the  alloy  is  varied 
between  40  and  80vj,  that  is  in  the  same  interval  where  the  inter¬ 
phase  energy  changes  sharply. 

Figure  137.  b  shows  the  relative  elongation  of  specimens  up 
to  the  moment  of  rupture  as  a  function  of  liquid  metal  medium 
composition.  We  can  see  from  the  graph  that  as  the  content  of 
bismuth  in  the  alloy  increases,  that  is  as  the  surface  interphase 
energy  decreases,  the  plasticity  of  the  copper  decreases  continual¬ 
ly,  The  relative  elongation  of  the  specimen  tested  in  lead  is 
14.95&,  in  bismuth  -  2.69>  .  In  this  case  as  well,  the  curse  of 
Figure  137,  b  is  similar  to  the  curve  of  Figure  136. 


Figure  137.  Time  to  rupture  (a)  and  relative 

elongation  (b)  of  copper  specimens  tested 
for  long  term  strength  at  5  kg/mm2  stress 
and  350°  C  in  3i  -  Pb  alloys. 

The  influence  of  the  composition  of  the  liq'-id  metal  medium 
and  consequently  of  the  interphase  energy  on  the  creep  rate  of 
copper  is  shown  on  Figure  138.  A  decrease  in  interphase  energy 
causes  an  increase  in  the  creep  rate  of  the  copper.  The  influence 
of  the  medium  is  reflected  both  on  the  stable  creep  rate  (Figure 
138  a),  and  on  the  mean  creep  rate  during  the  first  period 
(Figure  138,  b).  In  order  to  establish  whether  the  influence  of 
the  liquid  metal  is  greater  at  the  beginning  of  the  creep  process 
or  during  the  stable  stage,  the  dependence  of  the  ratio  of  creep 
rates  of  copper  in  Bi  -  lb  alloys  with  a  corresponding  creep  rates 
in  pure  lead  was  constructed  (Figure  139).  It  follows  from  this 
dependence  that  the  surface  of  active  liquid  metal  causes  a 
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greater  increase  in  creep  rate  at  the  beginning  of  the  process, 
that  is  in  its  first  period,  and  in  the  second  period.  Further¬ 
more,  Figure  139  shows  that  the  degree  of  the  influence  on  creep, 
as  well  as  the  difference  in  the  degree  of  the  influence  in  the 
first  and  second  periods  increase  with  increasing  surface  activity 
of  the  liquid  metal  medium. 


Figure  138.  Rate  of  stable  creep  (a)  and  mean 
creep  rate  in  the  first  period2(b) 
of  copper  specimens  at  5  kg/mni  stress 
and  350°  C  in  Bi  -  Pb  alloys 


Thus,  the  experimental  data  presented  above  show  clearly 
that  a  decrease  in  interphase  energy  at  the  solid  metal-liquid 
metal  boundary  causes  a  regular  decrease  in  long  term  strength 
and  plasticity  and  an  increase  in  the  solid  metal  creep  rate. 
Consequently,  they  indicate  reliably  an  adsorption  influence  of 
the  liquid  metal  on  the  processes  of  deformation  and  rupture  under 
the  conditions  of  testing  of  the  material  for  creep  and  long  term 
strength. 


Figure  139.  Ratio  of  creep 

rate  of  copper  specimens 
in  the  first  and  second 
periods  in  Bi  -  Pb 
alloys  to  creep  rate  in 
pure  lead. 
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We  indicated  earlier  that  the  liquid  metal  medium  causes  the 
number  and  length  of  cracks  formed  in  the  structure  of  the  metal 
deformed  to  increase,  and  caur.es  a  change  in  the  nature  of  a 
rupture  —  a  transition  from  intracrystallite  to  intercrystallite 
rupture.  It  seemed  of  interest  to  determine  whether  finer  changes 
in  the  structure  occurred  under  the  influence  of  the  adsorption 
active  liquid  metal.  These  changes  diould  be  expected  due  to  the 
intensification  of  the  process  of  plastic  deformation,  particularly 
in  the  surface  layer  of  the  metal. 

The  influence  of  organic  surface  active  media,  manifested  as 
a  decrease  ir.  the  thickness  of  slipping  units  and  an  increase  in 
their  number  CbJ  *  as  well  as  an  increase  in  dislocation  density 
/4027*  has  been  experimentally  established.  In  order  to  determine 
the  influence  of  liquid  metal,  X-ray  structural  studies  of  the 
surface  layer  of  copper  specimens  were  performed  after  long  term 
strength  tests  in  3i  -  Fb  alloys*.  Plates  3  mm  wide  and  12  mm 
long  (the  long  side  corresponding  to  the  generatrics  of  the  gauge 
portion  of  the  specimen)  were  cut  from  the  specimens  for  which  the 
results  of  mechanical  tests  are  presented  in  Figures  137-139*  In 
order  to  remove  traces  of  the  low-melting  metal  from  the  surface  of 
the  plates,  they  were  etched  in  10%  aqueous  HKO^.  Irradiation 

(Cu^  )  of  the  specimens  was  performed  using  a  UHS-50I  apparatus. 
During  irradiation,  the  specimen  was  rotated  at  2  rpm.  The  X-ray 
reflections  from  the  (311)  plane  were  recorded,  and  the  changes  in 
the  intensity  of  the  corresponding  line  were  used  to  determine 
III  order  distortions  in  the  structure  of'  the  metal.  The 
reflections  from  plane  (311)  of  an  annealed  copper  §>ecimeti  were 
used  as  a  standard. 

In  order  to  differentiate  the  influence  of  the  liquid  metal 
on  the  intensity  of  the  (311)  line  from  the  influence  of  the 
plastic  deformation  occurring  in  the  specimen  in  an  inert  medium 
using  the  same  load  as  in  the  experiments,  this  line  was  recorded 
for  the  external  and  internal  surfaces  of  the  copper  plate. 

Kew  results  of  measurement  of  the  intensity  of  line  (311) 
are  presented  on  Figure  140.  We  can  see  from  this  figure  that 
the  intensity  of  X-ray  interference  from  the  same  plane  changes 
differently  depending  on  the  composition  of  the  medium  for  the 
external  (air  side)  and  internal  (liquid  bismuth  side)  surfaces. 

The  change  in  intensity  of  the  first  case  obviously  indicates  the 
influence  of  the  duration  of  test  time  on  III  order  distortions. 
Comparison  of  Figure  140  a  and  137  a  indicates  that  these 
distortions  increase  as  the  loading  time  of  the  specimen  increases. 


X-ray  tests  performed  by  G.  D.  Pigrova. 
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The  decrease  in  the  intensity  of  X-ray  interference  from  the 
internal  surface  of  the  specimens  tested  in  alloys  with  high 
bismuth  content  indicates  the  increased  distortion  of  the 
structure  in  volumes  on  the  order  of  the  dimensions  of  a  unit 
cell  under  the  influence  of  the  surface  active  liquid  metal*  These 
distortions  are  on  the  order  of  the  crystalline  lattice  constant 
of  the  specimen.  The  coincidence  cf  the  right  parts  of  the  two 
lines  of  Figure  140  a  indicates  the  identical  influence  (or 
absence  of  all  influence)  of  the  air  medium  and  alloys  with  high 
lead  content  and  pure  lead. 


Figure  140.  a  -  Ratio  of 

intensity  of  (311)  line 
for  external  (l)  and 
internal  (2)  sur faces  of 
copper  specimens  tested 
for  long  term  strength  in 
Bi-Fb  alloys  to  intensity 
of  same  line  for  annealed 
copper;  b  -  Ratio  of 
intensities  of  (311)  line 
for  internal  surfaces  of 
specimen  to  intensity  of 
the  same  line  for  external 
surface. 


In  connection  with  the  fact  that  the  intensity  of  X-ray 

interference  from  the  external  surface  can  be  looked  upon  as  a 

standard  for  determination  of  the  adsorption  effect  of  the  liquid 

metal,  this  influence  can  be  judged  by  the  ratio  of  intensities 

of  the  lines  for  the  internal  surface  I,,,  (  £  h)  and  external 

3-Lx 

surface  *^l  (T)  (see  Figure  140  b). 

Comparing  Figure  140  b  with  Figures  137-139,  we  conclude 
that  the  adsorption  effect  of  the  liquid  metal  leads  to  the 
formation  of  III  order  distortions  in  the  metal  structure  tested 
for  creep. 

5.  The  Reason  for  Differences  in  the  Nature 
of  the  Adsorption  Influence  of  Liquid 
Ketals  and  Crganic  Materials 

The  most  important  difference  in  the  adsorption  effects  of 
organic  and  liquid  metal  media  on  the  deformable  metals  lies  in 
the  absence  of  brittle  rupture  of  metals  in  organic  media,  since 
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this  form  of  rupture  is  a  characteristic  feature  of  melted  metals. 
This  difference  was  first  noted  by  Ye.  D.  Shchukin  and  £,  A.  Rebin¬ 
der  /3447.  They  indicate  that  the  differing  nature  of  the  influence 
of  surface  active  organic  and  liquid  metal  media  is  related  to 
the  essentially  greater  decrease  in  free  surface  energy  of  the 
solid  metal  in  liquid  metal  media.  Thus,  whereas  in  liquid  metals 
the  decrease  in  surface  energy  may  amount  to  some  hundredths  of 
ergs  per  1  cm  ,  in  organic  media  it  amounts  to  but  some  dozens  of 
ergs.  In  certain  cases,  the  increase  in  the  adsorption  effect  of 
liquid  metals  is  related  to  rapid  penetration  of  the  adsorption 
active  atoms  to  the  surfaces  of  internal  micro  cavities  by  two 
dimensional  migration  along  defects  in  crystalline  structure  Z344/ • 
It  was  noted  at  the  same  time  that  the  plasticizing  effect  of 
organic  adsorption  active  media  is  based  on  their  surface  inter¬ 
action  with  the  specimen,  which  leads  to  a  decrease  in  the 
potential  barrier  preventing  movement  of  dislocations  the  surface 
of  the  crystal,  and  the  formation  of  a  new  surface;  it  was 
considered  that  the  plasticizing  effect  of  liquid  metal  media 
cannot  be  explained  in  the  same  way  Z3447* 

The  experimental  material  which  has  been  accumulated  at  the 
present  time  allows  us  to  state  an  additional  consideration 
concerning  the  reasons  for  the  differing  manifestations  of 
adsorption  effects  of  liquid  metal  and  organic  media. 

First  of  all,  we  should  note  the  fact  that  the  results  of 
tests  of  materials  for  long  terra  strength  and  creep  in  surface 
active  liquid  metal  media  presented  above  (Chapter  V,  Section  2-4) 
indicates  simultaneous  occurrence  of  effects  of  facilitation  of 
plastic  deformation  (increased  creep  rate),  embrittlement 
(decrease  in  total  relative  elongation  at  rupture)  and  decreased 
strength  (long  term  strength).  These  results  were  produced  in 
experiments  with  polycrystalline  metals,  but  the  results  would 
apparently  be  the  same  for  monocrystals  if  the  specimens  in 
experiments  on  creep  (see  Chapter  III,  Section  1)  were  subjected 
to  testing  to  rupture. 

Furthermore,  if  we  look  at  the  results  of  teats  in  extension 
at  constant  velocity,  we  can  conclude  that  the  changes  in  the 
stress-strain  diagrams  in  organic  /j/  and  liquid  metal  (see 
Chapter  I,  Section  1)  media  in  comparison  to  the  diagrams  in  an 
inactive  medium  are  similar:  in  both  cases  the  yield  point, 
hardening  factor  and  strength  are  decreased.  The  differences 
only  that  the  relative  elongation  of  the  metal  is  greater  in 
tests  with  an  organic  surface  active  agent  than  in  tests  with  an 
inert  medium,  while  it  is  less  in  tests  with  liquid  metal 
surfactant. 
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These  facts  indicate  that  liquid  metals  accelerate  the  pro¬ 
cess  of  rupture  to  a  greater  extent  than  do  organic  surfactants. 

The  larg«  molecules  of  the  organic  materials  cannot  penetrate  into 
the  submicrofissures  or  to  the  ends  of  micro-and  macrofissures. 

The  small  dimensions  of  cracks,  as  was  indicated  earlier  in 
represent  a  steric  obstacle.  The  atoms  of  liquid  metals,  on  tha 
other  hand,  can  penetrate  into  the  smallest  defects  in  the 
structure  of  the  solid  metal.  Therefore,  the  process  of  rupture 
in  a  liquid  metal  medium  occurs  incomparably  more  intensively  than 
in  an  organic  surface  active  agent. 

The  acceleration  of  the  process  of  deformation  in  both  media 
occurs  as  a  result  of  interaction  of  atoms  of  the  solid  and  liquid 
metals  at  the  points  where  dislocations  reach  the  surface  or  as  a 
result  of  the  corresponding  decrease  in  surface  energy  of  the  step 
formed  at  this  point.  The  intensity  of  the  influence  of  the  medium 
in  this  case  is  apparently  independent  of  the  dimensions  of  the 
molecules  and  atoms,  and  is  determined  only  by  their  mobility  and 
the  degree  of  the  decrease  in  surface  energy. 

Thus,  the  practically  identical  effect  of  surface  active 
organic  and  liquid  metal  agents  on  the  process  of  deformation 
results  in  an  identical  manifestation  -  facilitation  of  the 
process  of  deformation  (decrease  in  yield  point  and  hardening 
factor  in  extension  at  constant  rate  and  increase  in  creep  rate 
under  constant  load).  Consequently,*  the  effect  of  facilitation  of 
deformation  is  a  universal  effect,  characteristic  for  various 
surface  active  agents. 

The  difference  in  organic  media  from  liquid  metal  media  is 
the  greater  acceleration  of  the  process  of  rupture  in  liquid  metal 
than  in  the  organic  media.  This  difference  is  manifested  as  a 
significant  decrease  in  plasticity  in  the  liquid  metal  in  compari¬ 
son  to  the  inactive  media.  The  effect  of  embrittlement  also 
appears  in  extension  with  constant  rate  and  under  conditions  of 
long  term  strength  testing.  In  organic  media  the  metal  is  deformed 
to  a  considerably  greater  extent  before  rupture  than  in  an  inactive 
medium. 


Consequently,  the  differing  influence  of  organic  and  liquid 
metal  surface  active  agents  on  the  process  of  rupture  and  their 
identical  influence  on  the  process  of  deformation  means  that 
rupture  of  a  metal  in  an  organic  medium  occurs  later  and  at  higher 
plasticity,  while  in  a  liquid  metal  medium  it  occurs  earlier  and 
with  lower  plasticity  than  in  an  inactive  medium. 
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Corrosion  Influence 


B. 

1.  Mechanism  of  Corrosion  Influence  of  Liquid 
Metal  on  Solid  Metal  in  The  Process  of 
Hupture 

The  corrosion  influence  of  liquid  metals  on  solid  metals  in 
the  stressed  state  depends  on  the  same  corrosion  processes  which 
are  observed  when  metals  are  tested  in  the  unstressed  state.  That 
is,  in  this  case  as  well,  simple  dissolution,  thermal  and  iso¬ 
thermal  mass  transfer,  inter crystalline  corrosion  and  other 
processes  are  possible  (see  Part  I).  However,  the  manifestations 
of  these  processes  in  metal  under  stress  have  certain  specific 
features. 

The  rupture  of  metal  as  a  result  of  the  simultaneous  effects 
of  stress  and  a  corrosion  active  medium  is  not  a  result  of  the 
decrease  in  cross  section  of  the  specimen  (part)  bearing  the  load 
and  the  corresponding  increase  in  effective  stress  alone.  If 
materials  are  placed  in  sequence  according  to  characteristic 
resistance  to  total  corrosion  (for  example,  according  to  the 
inverse  of  corrosion  rate),  this  series  will  not  coincide  with  the 
sequence  in  order  of  resistance  to  the  effects  of  liquid  metal  on 
the  stressed  solid  metal  (for  exemple,  the  sequence  in  order  of 
increasing  long  term  strength  reduction  factor).  In  particular, 
although  certain  materials  undergo  corrosion  in  liquid  metal  at 
identical  rates,  this  does  not  mean  that  the  degree  of  redemption 
of  their  strength  under  conditions  of  extension  at  constant  rate 
or  long  term  strength  testing  or  fatigue  testing  will  also  be 
identical.  For  example,  corrosion  tests  have  shown  that  the 

rate  of  thermal  mass  transfer  of  nickel-based  alloys  £1827,  £1569 
and  EI765  in  liquid  sodium  at  750°  C  with  a  temperature  drop  of 
350°  C  is  identical,  at  2.62  *  10”°  mm/hr.  However,  when  these 
materials  were  tested  for  long  term  strength  under  analogous 
conditions,  it  was  found  that  they  have  varying  abilities  to 
resist  the  corrosion  effect  of  the  liquid  metal.  (Control  tests 
of  the  alloys  in  sodium  under  static,  isothermal  conditions  have 
shown  that  the  effect  of  the  liquid  metal  in  the  presence  of 
tveraal  mass  transfer  is  corrosive:  under  isothermal  conditions, 
tho  change  in  long  term  strength  in  relation  to  its  level  in  air 
did  not  occur.)  Table  52  presents  values  of  the  reduction  factor 
for  long  term  strength  of  these  alloys  in  liquid  sodium  over  100 
and  1000  hours.  We  can  see  from  this  table  that  the  greatest 
resistance  is  that  of  alloy  EI765,  the  least  being  that  of  alloy 
SI869,  and  that  the  values  of  long  term  strength  reduction  factors 
in  1000  hours  indicate  that  the  degree  of  influence  of  the  liquid 
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metal  medium  on  the  former  is  12%  less  than  on  the  latter.  In  the 
100  hour  test,  alloy  El  765  showed  no  changes  in  the  level  of 
long  term  strength  in  sodium  at  all,  whereas  the  reduction  of  the 
corresponding  strength  of  El  869  was  26%, 

Some  types  of  corrosion  influence  of  liquid  metals  on  solids 
are  more  dangerous  for  stressed  metal  than  others.  The  greatest 
danger  is  not  that  of  the  total  corrosion  of  the  material,  but 
that  of  local  and  microlocal  processes.  Therefore,  a  material 
subjected  to  intensive  intercrystalline  corrosion  in  liquid  metal 
in  the  unstressed  state,  for  example,  cannot  withstand  the  effects 
of  stresses. 


Table  52 

Values  of  Long  Term  Strength  Reduction 
Factors  of  Alloys  EI827,  EI826  and 
EI765  in  Liquid  Sodium  under  Thermal 
i  ass  Transfer  Conditions.  (Temperature 
750°,  Drop  550°  C). 


Alloy 

type 

Medium 

too. 

kg  /.«•«» 

K . 

an  too 

an  iooO> 
kg-.ii.tiJ 

aD  1000 

21  sou 

Air 

25,5 

0,74 

14,0 

0,68 

Na 

18,8 

9,5 

El  827 

Air 

34,5 

0,80 

26,0 

0,71* 

Na 

27,5 

18,5 

El  705 

Air 

27,0 

4,00 

20,0 

0,80 

Na 

27,0 

16,0 

The  dangerous  types  of  corrosion  influence  of  liquid  metal 
also  include  selective  corrosion,  particularly  if  the  easily 
soluable  component  horophilic.  The  results  produced  for  brass 
(see  Figure  104)  indicate  the  influence  of  selective  corrosion  on 
the  resistance  of  alloys  to  the  effects  of  a  liquid  metal  medium 
when  tested  for  long  term  strength.  Experiments  have  shown  that 
with  increasing  content  of  zinc  in  brass  —  an  element  easily 
dissolved  in  tin  ~  the  long  term  strength  decreases  sharply. 

The  conclusion  of  the  essential  influence  of  selective  corrosion 
on  the  strength  of  alloys  in  a  liquid  metal  medium  is  confirmed 
by  the  results  of  reference  /50 §7.  It  is  shown  in  this  work  that 
the  tensile  strength  in  extension  at  constant  rate  of  70/30  brass., 
increases  to  17.3  kg/m2  in  a  medium  of  pure  mercury  to  23.6  kg/mm 
in  mercury  containing  2.0 2%  Zn.  It  is  established  in  this  work 
that  the  surface  tension  of  pure  mercury  and  its  amalgams 
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containing  2,02%  Zn  1 s  practically  identical.  Apparently,  these 
facts  can  be  looked  uron  as  an  indication  of  the  identical  value 
of  the  free  interphaea  energy  of  the  boundary  between  brass  and 
mercury  and  its  amalgams. 

Due  tc  the  local  nature  of  the  corrosive  influence  of  a 
liquid  netil  on  a  solid  metal  in  the  stressed  state,  specifics  of 
the  structure  of  the  solid  metal  become  important.  Obviously, 
heterogeneity  of  the  structure,  the  presence  of  phases  easily 
dissolved  in  the  liquid  metal  or  entering  into  active  'physical- 
chemical  interactions  with  it  should  cause  an  increase  in  the 
influence  >f  the  medium.  Increased  corrosion  rupture  of  the 
material,  related  to  the  development  of  cracks,  may  begin  at  such 
thermal  dynamically  non-equilibrium  sectors  of  the  structure  and 
grain  bour  iaries  and  mosaic  block  boundaries,  noints  of  contact  of 
slipping  O.anes  with  the  surface,  etc. 

The  nature  of  the  development  of  rupture  processes  of  the 
solid  metal  in  the  inert  medium  is  also  significant.  For  example, 
if  intercrystalline  cracks  appear  in  large  number  in  the  early 
stages  of  deformation,  the  reduction  in  long  term  strength  in  a 
corrosion  active  liquid  metal  medium  will  be  greater  than  that  of 
a  metal  having  relatively  long  incubation  period  for  the  formation 
of  cracks  and  smaller  numbers  of  cracks. 

As  was  indicated  in  i-art  I  of  this  book,  the  most  dangerous 
form  of  corrosion  damage  to  materials  in  a  liquid  metal  medium  is 
thermal  mass  transfer.  The  occurrence  of  this  process  is  unavoid¬ 
able  in  principle  in  heat  exchange  installations,  since  they  have 
different  temperatures  in  different  areas  along  the  length  of  the 
heat  transfer  medium  channel.  In  spite  of  the  linear  corrosion 
rule  effective  under  such  conditions  and  the  absence  of  sny 
acceleration  or  deceleration  of  the  process,  even  materials  sub¬ 
jected  to  even  dissolution  when  stresses  do  not  act  upon  them  will 
show  an  essential  increase  in  the  effect  of  the  influence  of  the 
medium  in  the  stressed  state  due  to  the  occurrence  ol  local 
corrosion  processes. 

This  conclusion  has  been  confirmed,  for  example,  by  the 
results  of  tests  for  long  term  strength  of  type  blS69  nickel- 
based  alloy  in  liquid  30dium  /276,  4097.  The  teats  were  performed 
at  750°  C  in  a  current  of  the  liquid  metal  using  a  method 
described  in  Chapter  II,  Section  1.  During  the  tests,  a  flow  of 
sodium  moving  through  the  internal  cavity  of  the  tubular  specimens 
by  natural  confection  arising  due  to  the  temperature  drop  maintain¬ 
ed  (in  this  case  350°  C)  through  the  height  of  the  liauid  metal 
column  acted  upon  the  material.  Under  these  conditions,  the 
process  of  thermal  mass  transfer  of  the  material  of  the  gauge 
section  of  the  specimen  in  the  "hot"  zone  up  to  the  higher  "cold" 
zone  is  continuous. 


223 


Tests  of  alloy  EI869  showed  that  its  long  term  strength  is 
simificantly  decreased  as  a  result  of  the  thermal  mass  transfer 
(Figure  141),  It  is  important  to  note  that  the  effect  was 
in  entirely  a  result  of  thermal  mass  transfer:  the  absence  of 
adsorption  and  diffusion  effects  of  the  medium  was  indicated  by 
the  correspondence  of  the  results  of  the  test  in  sodium  under 
isothermal  conditions  and  in  air  (see  Figure  l4l),  The  micro- 
otruchural  study  of  the  specimens  after  rupture  establish  that 
the  liquid  metal  causes  no  structural  changes  in  the  alloy. 
Corrosion  tests  of  the  alloy  is  the  unstressed  state  under  the 
same  conditions  demonstrated  /78/  that  intercrystalline  corrosion 
of  the  specimen  does  r.ot  occur.  Therefore*  it  can  be  assumed  that 
the  reason  for  the  decrease  in  long  term  strength  is  the  effect  of 
reduction  in  cross  sectional  areas  of  the  specimen.  The  influence 
of  this  effect  can  be  easily  evaluated  by  using  the  hypothesis  of 
linear  addition  of  damage,  which  yields  satisfactory  correspondence 
of  calculated  quantities  to  experimental  values  /410-4147.  The 
initial  dependence  with  this  estimate  is  the  relationship 

(—~l,  (219) 

‘0  Tl) 

where  t  is  the  current  time;  Xq  is  the  time  to  rupture  with 

constant  stress;  in  this  case  the  constant  stress  acts  on  the 
specimen  over  time  dt;  is  the  time  to  rupture  with  variable 

stress,  provided  in  these  experiments  by  thermal  mass  transfer. 


^Figure  141,  Diagram  of  long  term  strength  of 
E.I869  alloy  at  750°  C; 

1  -  tests  in  air;  2  -  in  sodium  (static 
isothermal  conditions);  3  -  in  a  convective 
current  of  sodium;  4  -  calculated  dependence. 

The  8 tress  value  for  the  tubular  specimen  which  we  use  can 
be  approximately  expressed  in  the  form 

P 

°  ~  *D((>0-kt)  ’  (220) 
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where  P  is  the  load}  D'is  the  external  diameter  of  the  specimen; 
is  the  initial  wall  thickness  of  the  specimen;  k  is  a 

coefficient  characterizing  the  rate  of  mass  transfer,  determined 
from  equation  q  =  kt,  where  q  is  the  depth  of  corrosion  in  tine 
t. 

Using  relationships  (219)  and  (220),  as  well  a6  the 
dependence  between  time  to  rupture  and  stress  with  no  influence  of 

the  medium  we  arrived  at  the  following  equation: 

<22i> 

o 

The  integral  in  equation  (221)  can  be  easily  selected  using 

the  substitution  x  =  (  Sq  -  kt)^r,  where  r  is  the  denominator 

of  fraction  n^.  We  finally  produce  the  following  expression  for 

the  time  to  rupture  of  the  material  in  the  presence  of  thermal 
mase  transfer  as  a  dependence  on  initial  stress: 

t 

t<<  =  }(«o-|6o~no+A*(n0-l)6oVnoj'"no).  (222) 

It  follows  from  equation  (222)  that  the  time  to  rupture  of  a 
material  in  a  convective  flow  of  heat  transfer  medium,  snd 

the  time  without  the  influence  of  the  medium  should  be 

related  by  the  following  expression 

T«  =  |  (6o-  [Aj-n°+  k  (n0  - 1)  6o  ""Tol'""0).  <  223 ) 

Let  us  determine  the  quantitative  relationship  of  the 
experimental  and  calculated  depth.  We  will  do  this  by  calculating 
the  time  to  rupture  of  specimens  of  alloy  Ll£69  in  a  convective 
heat  flow,  using  formula  (223),  From  the  long  term  strength 
diagram  (3ee  Figure  l4l)  we  find  that  nn  =  3*76,  Or.  the  basis  of 

—6  u 

/?97.  k  =  2.62  X  10”  mra/hr.  The  initial  wall  thickness  of  the 
tubular  specimen  (  &q)  in  our  experiments  was  0,5  mm.  Thus, 

equation  (2 23)  as  applicable  to  LI869  alloy  tested  in  sodium  at 
750°  C  has  the  form 

tk  3,8- 10'  |0,5  — (G,75  -f  9,8  •  I  0-5t0)-°-3**|.  (224) 

In  connection  with  the  specifics  of  the  structure  of 
equation  (22 4),  significant  errors  in  the  calculation  of  car. 

arise  with  small  values  of  therefore,  we  will  perform  the 
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*  4  5 

calculation  for  Zq  equal  to  10',  10  and  10  hr.  The  results  of 

calculations  are  presented  in  Table  53.  This  same  table  shows  the 
experimental  values  of  t  £  produced  from  the  long  term  strength 

diatrram  shown  on  Figure  141, 


Table  53 

Calculated  and  Experimental  Values  of 
Time  to  Kupture  of  Alloy  3S1$69  in 
Convective  Flow  of  Sodium  at  750°  C. 


Jl - 

to.hr 

vhr 

T„/T. 

vbr 

e 

Ti,/T, 

UP 

yno 

0,05 

200 

0,26 

103 

8  500 

0,86 

2UU/ 

0,20 

103 

52  40U 

0,52 

I5U00 

0,15 

'.e  can  see  from  the  table  that  the  effect  of  decreased  long 
tern  strength  of  alloy  E1869  observed  in  a  convective  flow  of 
sodium  is  considerably  greater  than  *that  which  should  be  expected 
on  the  basis  of  the  calculations.  The  difference  between  the 
calculated  ar.d  experimental  data  can  also  be  clearly  seen  from  the 
long  term  strength  diagram  (see  Figure  l4l).  This  result  can  only 
be  explained  by  the  fact  that  the  decrease  in  cross  sectional 
area  of  the  specimen  occurring  as  a  result  of  the  process  of  mass 
transfer  is  not  the  main  reason  for  the  decrease  in  long  term 
strength  of  the  material. 

Thus,  the  experimental  data  currently  available  convince  us 
of  the  local  nature  of  the  corrosion  effect  of  the  liquid  metal. 
Obviously,  the  decrease  in  strength  of  a  solid  metal  in  a  corrosion 
active  liquid  metal  is  determined  by  physical  and  chemical 
processes  of  their  interaction  in  the  end  portion  of  a  crack. 
Analyzing  this  interaction  in  its  general  form,  it  can  be 
characterized  by  a  certain  mean  specific  work  of  interaction  of 
the  medium  and  base  metal  over  the  length  of  the  crack 
Then  the  expression  for  the  change  in  energy  of  the  metal  when  a 
crack  of  length  c  is  formed  in  it  is  written,  similarly  to 
(l80)  in  the  form 

AE^Eyc  +  pc— xc  —  o*c’/2£.  (225) 

Ftom  equation  (225),  considering  that  the  relationship 
d  A  E/dc  =0  is  correct  for  the  critical  state  of  the  crack,  we 
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we  produce 


0„„,./ai±^2.  Ui6) 

Consequently,  the  rupture  resistance  of  the  metal  decreases  with 
increasing  corrosion  influence  of  the  solid  and  liquid  metals 
(that  is  with  increase  in  value  of  X). 


Figure  152.  Diagram  for 
explanation  of 
greater  probability 
of  transition  to 
liquid  metal  solution 
of  atoms  located  in 
end  portion  of 
crack  (1)  tnan  of 
atoms  in  neighboring 
portions  of  surface 
(2  and  5). 

(P  equal  load, 

(T  equal  stress) 


The  influence  of  the  liquid  metal  on  the  process  of  rupture 
of  the  solid  metal  under  the  conditions  of  tests  for  long  term 
strength  and  other  forms  of  tests  with  thermal  mass  transfer  can  be 
described  using  the  diagram  shown  on  Figure  142.  Since  there 
is  always  a  concentration  of  stresses  in  the  end  area  of  the  crack, 
the  atoms  in  this  area  are  of  essentially  higher  potential  energy 
than  8toms  in  neighboring  sectors  of  the  crack  and  on  the  remaining 
surface  of  the  metal.  Consequently,  the  probability  of  transition 
to  the  liquid  metal  solution  of  the  former  is  considerably  greater 
than  that  of  the  latter.  Therefore,  with  comparitively  low  rate 
of  general  corrosion  (mass  transfer),  considerable  localization  of 
corrosion  in  the  end  portion  of  the  crack  is  possible.  One  result 
of  this  acceleration  of  the  process  of  dissolution  is  ruoture  of 
some  atomic  bonds  and  weakening  of  others,  which  in  the  final 
analysis  causes  an  increase  in  the  rate  of  crsck  development  and  a 
decrease  in  the  time  to  rupture  of  the  metal. 
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Figure  143.  Dependence  of 
relative  elongation 
accumulated  by 
EI869  alloy  in  the 
process  of  creep  to 
rupture  on  stress. 
Temperatures  ?50°  C: 

1  -  tested  in  air; 

2  -  in  sodium,  iso¬ 
thermal  static 
conditions;  3  -  in 
convective  sodium 
flux. 


The  effect  of  decreasing  plastic  deformation  accumulated  by 
the  specimen  over  the  time  to  rupture  is  also  related  to  the 
increasing  rate  of  crack  growth.  The  decrease  in  total  plastic 
EI869  alloy  when  tested  for  long  term  strength  in  sodium  in  the 
presence  of  thermal  mass  transfer  can  be  seen  from  Figure  143. 

Comparing  the  corrosive  influence  of  a  liquid  metal  medium 
to  the  adsorption  influence,  we  should  note  that  whereas  the 
adsorption  effects  can  be  observed  almost  immediately  after  contact 
arises  between  the  medium  and  the  deformed  metal,  the  appearance 
of  corrosion  effects  requires  a  certain  amount  of  time,  involving 
the  development  of  physical  and  chemical  processes  causing 
irreversible  structural  changes  in  the  metal.  Therefore,  the 
corrosion  influence  may  not  appear  with  short  term  mechanical 
tests  of  metals  but  may  cause  an  essential  decrease  in  their 
strength  and  plasticity  with  longer  tests  -  in  experiments  for 
long  term  strength  and  fatigue.  For  this  same  reason,  an  increase 
in  the  corrosive  effect  of  the  medium  should  be  expected  with  a 
decrease  in  the  frequency  of  a  fatigue  test  if  the  amplitude  of 
the  stress  Cde formation) remains  unchanged. 

The  lower  dependence  of  the  adsorption  effect  of  a  liquid 
metal  on  time  in  many  cases  causes  a  catastrophic  drop  in  strength 
and  plasticity  of  the  material  when  it  is  deformed  even  at  very 
high  rates.  Since  the  diffusion  effect  also  depends  essentially 
on  time  (see  Section  C  of  this  chapter),  in  all  probability  most 
of  the  effect  described  in  Chapter  1  result  from  adsorption. 
However,  it  should  be  noted  that  the  corrosion  effect  may  appear 
und«r  conditions  of  deformation  at  high  rates  if  the  contact  time 
of  the  solid  metal  with  the  liquid  metal  preceding  deformation  is 
long. 
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On  the  basis  of  the  consideration.'-,  presented  above  concerning 
the  mechanism  of  the  corrosion  influence  of  liquid  metals,  we 
can  explain  the  experimentally  observed  regularities  of  the 
influence  of  various  factors  on  the  long  term  strength  of  materials. 

In  Chapter  II,  Section  2  we  present  the  results  of  experi¬ 
ments  characterizing  the  influence  of  temperature  on  the  degree  of 
corrosion  damage  to  alloy  EIS27  in  sodium  and  steel  EI612  in 
lithium.  They  indicate  that  the  long  tern  strength  reduction 
factor  of  the  materials  decreases  continually  with  increasing 
temperature,  that  is  the  corrosion  influence  of  the  liquid  metal 
increases.  Since  the  values  of  coefficients  at  each  temperature 
are  determined  for  the  same  test  duration,  this  regularity  can  be 
easily  explained  if  we  recall  the  exponential  temperature 
dependence  of  the  dissolution  rate  constant  (see  Fart  I,  Chapter  I, 
Section  1). 

Figure  100  shows  the  results  of  investigation  of  the 
dependence  of  the  influence  of  liquid  sodium  on  El£6S  alloy  under 
conditions  of  constant  load  on  the  scaling  factor.  In  this  case, 
the  effect  is  also  fully  determined  by  the  corrosion  influence 
of  the  medium  -  thermal  mass  transfer,  since  the  alloy  at  this 
experimental  temperature  (?50°  C)  showed  no  decrease  in  long  term 
strength  under  isothermal  static  conditions.  We  can  see  from 
Figure  100  that  the  decrease  in  long  tern  strength  (time  to 
rupture  with  constant  load)  is  observed  in  a  limited  interval  of 
specimen  wall  thicknesses. 

The  disappearance  of  the  effect  of  corrosion  by  liquid 
sodium  on  specimens  with  low  wall  thickness  (about  0.15  mm)  is 
explained  by  the  high  rate  of  crack  development  and  vhe  relatively 
low  rate  of  dissolution.  Apparently,  in  this  case  the  principle 
share  of  the  time  to  rupture  is  occupied  by  the  incubation  period 
corresponding  to  the  formation  of  cracks.  The  development  of  the 
latter  can  occur  at  high  rates,  since  the  wall  thickness  of  the 
specimen  is  equal  to  the  mean  grain  diameter  of  the  alloy  being 
investigated,  so  that  an  intercrystalline  crack  (this  was  the 
type  of  rupture  observed)  moves  without  encountering  such  serious 
obstacles  as  the  joints  between  three  grains. 

The  weakening  of  the  corrosion  effect  of  the  liquid  metal 
with  increasing  wall  thickness  of  the  specimen  depends  on  the 
increase  in  crack  length.  Although  as  was  noted  in  Part  1, 

Chapter  I,  Section  1,  the  rate  of  dissolution  of  certain  metals  in 
sodium  is  determined  by  the  rate  of  their  transition  through  the 
interphase  boundary,  not  by  diffusion  in  the  boundary  film,  in 
this  case  the  determining  effect  was  apparently  diffusion.  The 
layer  of  liquid  metal  in  the  narrow  rupture  crack  can  be  looked 
upon  as  a  local  increase  in  the  thickness  of  the  boundary  film. 
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We  then  come  to  the  conclusion  that  an  increase  in  crack  length 
should  lead  to  an  increase  in  diffusion  path  of  the  metal  dis¬ 
solved  in  the  end  portion  of  the  crack  and,  consequently,  to  a 
decrease  in  the  rate  of  dissolution,  and  also  to  a  decrease  in 
the  corrosion  effect  of  the  medium  as  a  whole.  Another  factor 
which  might  be  significant  in  the  reduction  in  the  rate  of 
dissolution  of  the  metal  in  the  end  portion  of  a  long,  narrow 
crack  is  the  increased  degree  of  "feeding"  of  the  liquid  metal 
solution  in  the  crack  due  to  dissolution  of  atoms  from  its  walls. 

The  influence  of  the  increased  diffusion  path  on  the  scaling 
effect  can  be  estimated  as  follows.  Gn  the  basis  of  formula  (?) 
the  ratio  of  the  maximum  rate  of  dissolution  of  the  metal  (this 
value  can  be  used  due  to  the  increased  energy  of  atoms  in  the  end 
portion  of  the  crack)  from  shallow  cracks  c^  and  relatively 

long,  deep  crack  c2  will  be  (dn/dt)^/(dn/dt)2  =  c^c.^.  In  the 

first  approximation,  considering  the  determining  influence  of  the 
rate  of  corrosion  on  the  rate  of  development  of  a  crack,  we  can 
consider  the  v^  (dn/dt)^  and  v2  ~  (dn/dt)2,  where  v^  and 

v2  are  the  main  rates  of  development  of  cracks  in  specimens  with 

wall  thicknesses  and  6^  respectively.  If  we  assume  that 

c£  and  c*  are  the  Griffith  values  of  crack  length  in  the 

specimens,  then  as  above  equation  (dn/dt)^/(dn/dt)2  = 

Keeping  in  mind  that  =  c£/  r1,  v2  =  c*/  and  assuming  that 

c£/c*  »  S  we  produce  X^j  ~  (  8 d^)2. 

Thus,  the  change  in  wall  thickness  of  a  specimen  should  have 
a  strong  influence  on  the  effect  of  the  liquid  metal. 

We  can  test  the  relationship  produced  using  the  data  of  the 
graph  on  Figure  100  b  (its  right  portion).  The  quantity  on  the 
ordinate  can  be  looked  upon  as  values  of  time  to  rupture  in 
relative  units.  Taking  the  extreme  points  S  ^  =  0.5  mn  and 

o2  =  2  mm,  we  find  (  o^/tf^)2  =  16  and  X X-^  **  7,  that  is 

rather  similar  values.  This  result  can  be  considered  confirmation 
of  the  assumption  of  the  action  of  the  mechanism  of  influence  of 
the  medium  described  above.  The  somewhat  weaker  influence  of 
the  scaling  factor  produced  in  experiments  in  comparison  to  the 
calculated  value  is  apparently  determined  by  the  lower  rate  of 
dissolution  of  the  metal  in  the  end  portion  of  the  crack  and  the 
maximum  possible  rate  in  these  experiments  ^see  equation  (7 8J, 


230 


The  determining  influence  of  the  ratio  of  the  rate  of  crack 
development  and  the  rate  of  corrosion  is  also  indicated  oy  the 
experimental  data  on  duration  of  individual  creep  periods  and 
plasticity  during  each  period.  It  has  been  established  that  the 
changes  in  duration  and  relative  elongation  in  the  second  and  third 
periods  in  specimens  tested  in  sodium  with  each  value  of  wall 
thickness  between  0.15  and  2  mm  were  of  the  same  type  as  for  the 
summary  characteristics,  that  is  the  corresponding  quantities  in 
specimens  tested  in  sodium  were  lower  than  in  specimens  tested  in 
air.  The  relationship  of  these  data  to  the  concept  outlined  above 
concerning  the  influence  of  the  corrosion  of  the  material  in  a 
crack  can  be  easily  established  if  we  consider  the  indication  in 
the  literature  of  the  formation  of  cracks  in  metal  at  the  beginning 
of  the  second  creep  period  /40Q7. 

In  Chapter  II,  Section  3  we  find  the  results  of  experiments 
indicating  a  reinforcement  of  the  corrosion  effect  of  liquid 
bismuth  on  steel  when  the  initial  strength  is  increased*  This 
effect  results  from  the  higher  level  of  potential  energy  of  atoms 
in  the  end  portions  of  cracks  (see  Figure  142)  in  the  high 
strength  material  than  in  materials  of  lower  strength.  The 
increase  in  the  potential  energy  of  atoms  in  turn  should  lead  to  an 
increase  in  the  rate  of  their  physical  and  chemical  interaction 
with  atoms  of  the  medium,  and  there  to  an  increase  in  the  degree  of 
influence  of  the  medium. 

The  reinforcement  of  the  corrosive  effect  of  the  liquid 
metal  medium  when  its  composition  changes  is  a  direct  result  of 
the  increased  content  of  the  more  active  component.  For  example, 
an  increase  in  the  concentration  of  certain  elements  in  the 
liquid  metal  melt  may  lead  to  an  increase  in  solubility  and  rate 
of  dissolution  of  the  deformable  metal  or  of  some  component  in 
the  case  of  an  alloy.  Quite  similar  effects  are  observed,  as 
experiments  have  shown  (see  Chapter  II,  Sections  6  and  7)  when 
the  concentration  of  the  active  component  in  the  solid  metal  is 
increased. 

2.  Mechanism  of  Facilitation  of  Plastic 
Deformation  During  Dissolution  of 
Solid  Metal  in  Liquid  Ketal 

The  facilitation  of  plastic  deformation  of  a  solid  metal  in 
a  liquid  metal  medium  is  expressed  as  an  increase  in  the  creep 
rate  under  constant  stress,  and  also  as  a  decrease  in  the  yield 
point  and  hardening  factor  during  tensile  tests  at  constant  rate, 
is  usually  caused  by  the  adsorption  effect  of  the  medium  (see 
Section  A,  1  of  this  chapter).  In  those  cases  when  the  liquid 
metal  has  only  corrosion  effect,  the  effects  of  facilitation  of 
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plastic  deformation  have  not  been  observed,  with  the  exception  of 
the  trivial  case  of  the  reduction  of  the  resistance  to  deformation 
with  a  significant  decrease  in  the  cross  sectional  area  of  the 
specimen  carrying  a  load.  V.'e  present  below  the  results  of  a  test 
of  materials  for  creep  in  a  medium  of  liquid  sodium  ,  which 

indicate  an  increase  in  creep  rate  under  conditions  of  relatively 
weak  corrosion  influence  of  the  medium. 

figure  144  shows  the  stable  crgep  rate  as  a  function  of 
stress  for  £1869  alloy  tested  at  750  C  in  liquid  sodium  (under 
static  and  conduction  conditions)  and  in  air.  The  test  method 
(see  Chapter  HI,  Section  1)  assured  that  the  process  of  thermal 
mass  transfer  of  the  material  of  the  gauge  section  of  the  specimen 
occurred.  We  can  see  from  Figure  144  that  the  creep  rates  of  the 
alloy  in  air  and  in  sodium  under  static  conditions  correspond, 
whereas  in  liquid  sodium  when  mass  transfer  occurs  the  rate  is 
noticeably  higher,  and  the  difference  in  creep  rates  increases 
with  decreasing  stress. 


Figure  144,  Stable  creep  rate  as  a  function 
of  stress  for  EI869  alloy  at  750  C. 

1  -  tested  in  air;  2  -  in  sodium, 
isothermal  static  conditions;  3  -  in 
convective  sodium  foil. 

Figure  145  shows  creep  curves  of  two  specimens  of  EI869 
3lloy  at  identical  stress,  15  kg/mm2.  We  can  see  that  the 
specimen  undergoing  thermal  mass  transfer  during  the  test  shows  a 
higher  creep  rate  than  the  specimens  tested  in  sodium  under 
isothermal  conditions,  and  that  the  increase  in  creep  rate  is 
observed  not  only  during  the  second  period,  but  during  the  first 
period  as  well.  These  regularities  are  not  jpecific  for  EI869 
alloy.  They  have  also  been  observed  in  tests  of  other  materials, 
for  example,  £1827  and  SI765  alloys  in  liquid  sodium,  £1612  steel 
in  liquid  lithium. 
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The  effect  of  increasing  creep  rate  described  above  does  not 
result  from  adsorption  influences  by  the  melted  sodium,  since  under 
isothermal  static  conditions  the  sodium  has  no  such  influence  on 
the  material  ^4l67.  This  effect  is  also  not  related  to  the 
diffusion  influenge  of  the  medium,  since  sodium  does  not  diffuse 
into  £1869  at  75P°  C,  as  spectral  analysis  has  shown.  The  effect 
cannot  be  explained  by  a  decrease  ii  cross  sectional  area  of  the 
specimen  as  a  result  of  corrosion,  since  special  experiments 
studying  mass  transfer  have  shown  (see  Part  I,  Chapter  II,  Section 
3)  that  the  corrosion  rate  of  £1869  alloy  under  these  conditions 
is  0.02  mm/year.  This  means  that  even  the  specimen  tested  for 
1000  hours  would  have  a  reduction  in  cross  sectional  area  of  less 
than  l/o. 
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Figure  145.  Creep  curves  of  £1869  alloy  under 
15  kg/mm^  stress  at  750°  C  in  medium  of 
liquid  sodium:  1  -  tested  under  static 
isothermal  conditions;  2  -  in  convective 
liquid  metal  flow. 

The  facilitation  of  plastic  deformation  of  the  metal  in  a 
corrosion  active  medium  which  dissolves  the  solid  metal  may 
occur  due  to  various  causes.  This  effect  may  be  caused  by  the 
fact  that  as  the  corrosion  front  moves  into  the  metal,  dislocation 
sources  which  were  previously  "blocked”  by  various  obstacles  along 
the  path  of  movement  of  the  dislocations  can  become  active  again, 
as  these  obstacles  are  removed  by  corrosion.  Some  of  the  rYank- 
Reed  dislocation  sources  with  two  points  of  attachment  may  be 
activated  as  a  result  of  liberation  of  one  point  of  attachment 
and  movement  of  this  end  of  the  dislocation  line  to  the  surface, 
which  has  moved  into  the  metal  during  the  process  of  dissolution. 
The  increase  in  the  number  of  surface  sources  of  dislocations 
with  one  point  of  attachment  should  also  occur  as  a  result  of  an 
increase  in  the  surface  of  the  metal  as  a  result  of  corrosion. 
However,  all  of  these  processes  can  be  effective  only  if  the 
greater  movement  of  the  corrosion  front  is  rather  hirh. 
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The  faciliation  of  plastic  deformation  Ascribed  above 
apparently  resulted  from  the  following  mechanism  of  the  influence 
of  the  corrosion  active  medium.  As  was  stated  in  Section  A,  1  of 
this  chapter,  a  dislocation  which  moves  to  the  surface  of  the 
metal  must  overcome  an  energy  barrier  approximately  equal  to 

b2  V  /375? •  Since  there  is  a  stress  field  around  the  dislocation, 
as  it  moves  from  the  mass  of  the  metal  of  the  surface  a  highly 
stressed  sector  is  produced  before  the  dislocation.  Obviously, 
the  dissolution  of  metal  atoms  from  the  surface  of  this  sector  is 
more  probable  than  from  neighboring  sectors.  Thus,  a  dislocation 
or  a  part  of  a  dislocation,  may  possibly  be  "dissolved,"  that  is 
the  atoms  at  the  head  of  the  dislocation  may  be  dissolved  into  the 
liquid  metal  medium,  so  that  the  energy  barrier  (b2y)  no  longer 
need  be  overcome.  Schematically,  the  movement  of  the  dislocation 
to  the  surface  of  the  metal  in  an  inert  or  liquid  metal  medium 
causes  dissolution  of  the  solid  metal,  as  shown  on  Figure  146. 


We  present  the  following  calculations  to  confirm  the  above. 
First  of  all,  let  us  estimate  the  probability  of  dissolution  of  an 
atom  at  the  center  of  a  dislocation.  The  probability  of  dissolution 
on  the  atom  from  the  nonaeformed  crystalline  lattice  is  determined 
by  che  activation  energy  Q  =  Qq  +  oob2  V  : 


Oo+ably 
Wt  ~  e”  xt  , 


(227) 


where  1:  is  Boltzmanns  constant;  T  is  the  absolute  temperature; 

is  a  coefficient  considering  the  mean  increase  in  surface  per 
atom  upon  dissolution.  In  the  case  of  dissolution  of  an  atom  from 
the  center  of  a  dislocation  (this  is  the  area  with  the  greatest 
distortion,  and  therefore  has  the  greatest  deformation  energy 
density  Q.  )  the  expenditure  of  energy  required  to  dissolve  an 

“o 

atom  is  decreased  by  Q,  .  Thus,  the  probability  of  dissolu- 

“0 

.tion  of  an  atom  from  the  core  of  a  dislocation  is  character¬ 
ized  by  the  quantity 

Q.+H-*  v-04, 

H'prf.  —  e**  xt  .  (228) 


Using  expressions  (227)  and  (228)  and  assuming  «*-  =  ft  , 
we  find  that  the  condition  for  appearance  of  the  effect  of 
facilitation  of  plastic  deformation  of  the  metal  in  the  liquid 
metal  medium  dissolving  the  solid  metal  is 


1. 


(229) 
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Figure  146.  Diagram  of 

displacement  of  edge 
dislocation  to  surface 
of  metal  deformed  in 
inert  (a)  and  liquid 
metal  (b)  medium,  the 
latter  causing  dis¬ 
solution  of  the  solid 
metal. 


Since  the  rate  of  dissolution  is  proportional  to  the 
probability  of  dissolution,  conditions  (229)  can  also  be  written 
in  the  form 


V-  /■V*rN>| 
'Vi 


(230) 


Let  us  estimate  the  value  of  the  ratio  of  dissolution  rates 
Vpd  /  Vp.  The  approximate  value  of  free  energy  of  the  core  of 


the  boundary  dislocation, 
is 


calculated  for  the  atomic  plane  73767, 


(231) 


where  G  is  the  shear  modulus. 


From  this,  the  mean  value  of  free  energy  of  the  atom  at  the 
core  of  the  dislocation  is 

n  Ca-6* 

~  TirT  •  (2 32) 

where  r^  is  the  radius  of  the  core  of  the  boundary  dislocation. 

Let  us  perform  calculations  for  a  nickel  alloy,  assuming  G  = 


=  .7  * 10“D  kg/cm2  /56Q 7,  a  =  b  =  3.5  -  10  C  cm; 


=  1C3  °K;  r. 


will  be  determine:'  from  the  assumption  that  there  arc  ip  atoms  at 
the  core  of  the  dislocation,  from  which  r^  -  6.23  *  10~°cm. 

Substituting  these  quantities  into  expressions  (232)  and  (230), 
we  find  that  the  v^  /v^  »  1250.  Con-equcr.tly ,  the  rate  of 
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dissolution  of  atoms  at  the  core  of  a  boundary  dislocation  is 
more  than  3  orders  higher  than  the  rate  of  dissolution  of  atoms 
from  neighboring,  nondjstorted  sectors  of  the  metal.  Thus,  the 
result  produced  can  be  looked  upon  as  confirmation  of  the 
possibility  of  facilitation  of  plastic  deformation  of  metal  during 
the  process  of  its  dissolution. 


Let  us  calculate  the  value  of  (230)  for  atoms  at  some  distance 
from  the  center  of  the  boundary  dislocation.  The  expression  for 
the  mean  deformation  energy  for  one  atom  /3767  in  this  case  is 


Qc 


Gal* 


4.t*(l-v)  ( r 


5-rj't(ln4  O' 


(233) 


where  V  is  the  Poisson  coefficient;  r.,  is  the  radius  of  the 

area  for  which  the  deformation  energy  is  being  defined.  Let  us 
determine  for  =  10"b  cm,  using  the  same  values  of 

quantities  in  formula  (233)  which  were  used  in  preceding  calcula¬ 
tions;  the  Poisson  coefficient  will  be  considered  equal  to 
0.3.  Then  we  produce  the  value  of  1.5  *  10"^5  erg/atom  for  the 
deformation  energy  density,  and  a  value  of  vp^/vp  =  1.01  for  the 

ratio  cf  the  dissolution  rates.  Consequently,  the  rate  of 
dissolution  of  atoms  outside  the  core  of  the  boundary  dislocation 
is  the  same  as  for  atoms  of  the  undeformed  metal. 


We  have  now  estimated  the  possibility  of  facilitation  of 
plastic  deformation  due  to  dissolution  from  the  energetic  stand¬ 
point.  We  must  also  estimate  the  possibility  of  this  process  in 
consideration  of  its  kinetics.  Obviously,  in  this  case  the  kinetic 
condition  of  possibility  of  facilitation  of  deformation  consists 
of  observation  of  inequality 

t  t.,  ^234) 

where  t  is  the  time  required  for  transition  of  an  atom  of 
P 

a  solid  metal  to  solutions;  is  the  time  required  for  the 

dislocation  to  move  to  the  surface  of  the  metal,  that  is  for  it 
to  travel  a  path  of  length  a, 

,ve  will  consider  the  rate  of  dissolution  to  be  approximately 
equal  to  the  rate  of  diffusion  of  a  dissolved  atom  in  the  non¬ 
moving  boundary  film  of  a  liquid  metal.  Then  the  minimum  distance 
equal  to  a,  which  the  atom  must  travel  in  order  to  enter  the 
Liauid  metal  solution  is  determined  by  the  expression 

"  *  A'  VDj&,  (235) 
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where  is  the  diffusion  coefficient  of  the  dissolved  metal  in 

the  liquid  metal  medium;  K  is  a  constant.  Expression  (235)  yields 
the  approximate  value  of  the  dissolution  time. 


~  “* 
h  ~  KiDj^  • 


(236) 


Representing  the  rate  of  movement  of  the  boundary  dis¬ 
location  as  v^  and  using  equations  (23*0  and  (236),  we  produce 

the  kinetic  condition  for  possibility  of  facilitation  of  plastic 
deformation  due  to  dissolution  in  the  form 


a  . a* 

Md 

(237) 

and  finally 

Vi<a- 

(238) 

We  will  consider  K  =  2, 

a  =  3.5  *  10”  cm. 

The  values  of 

diffusion  coefficients  in  liquid  metals  /377  a*1®  usually  10 

m  C  p 

10”^  cm  /sec.  Substitute  *hese  values  into  inequality  (238), 

we  find  that  v,  <■  10  -  1C  cm/sec. 

a 

in  reference  /^1T7*  the  rates  of  movements  of  boundary 
dislocations  in  ferrosilicon  are  determined  experimentally.  Itois 
established  that  in  the  temperature  interval  between  7 8  ~nd  373.  K, 
the  rates  of  movement  of  dislocations  vary  between  10“®  and  10~2 
cm/sec.  The  stress  corresponding  to  the  yield  point  in  all  cases 
corresponded  to  the  rate  of  boundary  dislocation  movement  of 

10~^  cm/sec.  Obviously,  under  conditions  of  material  creep  the 
rate  of  movement  of  dislocations  will  be  even  lower.  Consequently 
the  experimental  data  showed  that  a  kinetic  condition  for  the 
process  in  quescion  (238)  is  also  observed. 

Thus,  the  estimates  performed  confirm  the  possibility  cf 
operation  of  the  mechanism  of  facilitation  of  plastic  deformation 
of  metal  in  a  corrosion  active  liquid  metal  medium.  It  should  be 
noted  that  this  mechanism  is  not  specific  for  liquid  metals,  and 
can  appear  in  any  medium  causing  dissolution  of  the  solid  metal. 

It  should  also  be  noted  that  an  increase  in  the  rate  of  dissolution 
of  the  metal  after  its  deformation  has  been  repeatedly  noted 
experimentally,  and  indirect  confirmation  of  the  possibility  of 
this  effect.  Another  confirmation  of  its  possibility  is  the 
method  of  study  of  the  process  of  deformation  broadly  used  in 
laboratory  practice,  consisting  of  etching  of  metallographic 
sections.  As  we  know,  sectors  with  increased  energy  as  a  result 
of  plastic  deformation  are  etched  preferentially. 


237 


It  might  be  thought  that  the  reason  for  the  effective 
increasing  creep  rate  is  the  formation  of  intercrystalline  cracks 
in  the  metal  which  has  been  exposed  to  sodium  in  considerably 
larger  numbers  and  with  greater  lengths  than  in  the  inert  medium, 
leading  to  an  increase  in  effective  stress.  However,  this 
suggestion  is  negated  by  a  comparison  of  the  creep  rate  increase 
factors  in  the  first  and  second  periods.  We  see  (Figure  14?)  that 
with  constant  stress  the  increase  in  creep  rate  is  a  result  of  the 
corrosion  influence  of  sodium  at  the  beginning  of  the  process  is 
greater  than  during  its  stable  stage.  This  relationship  of 
coefficients  is  explained  similarly  to  the  explanation  presented 
in  the  discussion  of  the  adsorption  effect  of  facilitation  of 
plastic  deformation  in  section  A,  1  of  this  chapter. 

We  should  discuss  the  reason  for  the  absence  of  the  effect 

of  increased  creep  rate  in  sodium  under  static  isothermal 

conditions.  Let  us  calculate  time  t..  Q  required  to  complete  the 

u.y 

process  of  dissolution  under  isothermal  conditions  to  90 %,  In 
Part  I,  Chapter  1,  Section  4,  it  was  stated  that  it  is  expressed 
by  the  formula  tQ  ^  =  2.3  /  S,  where  ia  the  volume  cf 

the  liquid  metal;  is  the  dissolution  rate  constant;  S  is  the 
surface  of  the  solid  metal  from  which  dissolution  occurs.  For  the 
specimens  which  we  used,  /S  =  0,23  cm.  Since  the  literature 

contained  no  information  on  the  value  of  ot  for  nickel 

dissolved  in  sodium,  we  will  perform  o\yr  calculations  using  the 
dissolution  constant  of  iron  ir  sodium  at  750°  C:  c<  »  4.53  *  10**' 
cm/sec  which  is  certainly  no  greater  than  the  value  of 

for  nickel.  Using  these  quantities,  we  find  that  ^  =  2  min. 

Since  heating  of  the  specimen  can  the  long  term  strength  testing 
machine  is  performed  rather  slowly,  and  since  two  hours  generally 
pass  after  the  required  temperature  is  reached  before  the  load  is 
applied  to  the  specimen,  these  two  hours  being  used  for  precise 
adjustment  of  the  temperature,  it  is  quite  obvious  that  deformation 
of  the  specimen  under  isothermal  conditions  begins  with  the 
process  of  dissolution  in  the  practically  saturated  liquid  metal 
solution  complete. 

Chapter  III,  Section  2  presented  experimental  data  on  the 
influence  of  temperature  on  the  effect  of  facilitation  of  plastic 
deformation  (creep)  of  EI827  alloy  in  liquid  sodium.  The 
regularity  produced  (see  Figure  110)  -  an  increase  in  the  tffect 
of  an  increasing  temperature  -  is  explained  by  the  increase  in 
the  rate  of  the  process  of  dissolution. 

Data  on  the  influence  of  the  scaling  factor  (see  Chapter 
III,  Section  3)  can  be  explained  by  the  fact  that  with  a  signi¬ 
ficant  decrease  in  wall  thickness  of  the  specimen  and  increase  in 
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Figure  147*  Mean  creep  rate  increase  factor  in 
the  first  period  (1)  and  stable  creep 
rate  (2)  as  functions  of  stress  for  EI827 
(a)  and  EI765  (b)  alloys  at  750  C  in  liquid 
sodium  under  thermal  mass  transfer 
conditions. 

deformation  rate,  condition  (238)  is  not  fulfilled  and  the  effect 
disappears.  An  increase  in  wall  thickness  of  the  specimen  and  the 
corresponding  "polycrystallinity"  leads  to  a  weakening  of  the 
role  of  surface'  effects  in  the  deformation  process,  which  also 
results  in  disappearance  of  the  effect  at  a  certain  value  of  the 
ratio  of  mean  grain  diameter  to  wall  thickness  (in  experiments 
with  EI869  alloy,  d/ 6  »  0.15). 

In  conclusion,  we  must  emphasize  that,  in  spite  of  the 
facilitation  of  plastic  deformation  of  the  material  when  it  is 
dessolved  in  a  liquid  metal  medium,  the  total  elongation  of 
specimens  at  rupture  is  less  than  an  inert  medium.  This  is  a 
result  of  the  fact  of  accelerated  crack  growth  under  the  influence 
of  the  liquid  metal,  as  was  pointed  out  in  the  preceding  section. 
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3.  Influence  of  Oxygen  in  Purity  in  Sodium 
on  Long  Term  Strength  of  Materials 


In  Chapters  VI,  Part  I  of  this  book  we  indicated  that  the 
corrosion  influence  of  liquid  sodium  on  unstressed  materials  is 
increased  as  a  result  of  contamination  of  the  sodium  with  oxygen. 
Correspondingly,  we  should  expect  a  worsening  of  the  strength 
properties  of  materials  in  contact  with  sodium  containing  increased 
quantities  of  oxygen. 

Tests  were  performed  for  long  term  strength  of  £1869  alloy 
in  sodium  with  various  oxygen  contents  at  730°  C  /2?§7.  Tubular 
specimens  were  tested  with  wall  thicknesses  of  0,5  mm  and  internal 
diameters  of  10  mm.  Pure  sodium,  containing  about  0.01  weight  % 

G2  was  produced  by  filtration  using  a  special  device.  High  oxygen 

contents  (1  and  10%  of  the  weight  of  the  sodium  in  the  internal 
cavity  of  the  specimen)  were  achieved  by  introducing  the  required 
quantity  of  sodium  peroxide  to  the  specimen  before  welding  on  the 
plug;  sodium  peroxide,  as  we  know  /13§7,  decomposes  at  high 
temperature  to  sodium  oxide  and  oxygen.  The  long  term  strength 
tests  were  performed  with  monoaxial  extension  of  the  specimens 
according  to  the  normal  method.  In  addition  to  the  sodium-contain* 
ing  specimens,  control  specimens  were  generally  tested,  with  the 
internal  cavities  filled  with  argon. 


Figure  148.  Time  to  rupture  as  a  function  of 
stress  for  £1869  alloy  in  air  and  in  0 
sodium  under  static  conditions  at  730  C: 

1  -  tested  in  air;  2  -  in  sodium  with 
0,01  wt  %  0^;  3  -  in  sodium  with  1  wt  % 

02;  4  -  in  sodium  with  10  wt  %  0^. 

Figure  148  shows  the  diagram  of  the  long  term  strength  of 
£1869  alloy.  We  can  see  that  the  alloy  has  an  identical  long  term 
strength  in  air  and  in  pure  sodium.  The  long  term  strength  of  the 
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alloy  ia  also  unaffected  by  the  introduction  of  1  wt  %  0^  to  the 

liquid  sodium.  Increasing  the  content  of  the  oxygen  impurity  to 
10  wt  %  causes  a  sharp  drop  in  long  term  strength  of  the  material: 
the  degree  of  decrease  in  strength  with  this  contamination  of 
sodium  is  equivalent  to  that  caused  by  increasing  the  temperature 
by  approximately  100°  C.  The  construction  of  creep  curves  showed 
the  absence  of  any  influence  of  pure  sodium  and  sodium  containing 
1  wt  %  Q0  on  the  creep  rate  of  EI869  alloy.  In  sodium  with 

10  wt  %  0^,  the  creep  curves  were  changed  so  sharply  that  the 

ordinary  three  periods  can  not  be  separated  on  them;  some  specimens 
in  sodium  with  10  wt  %  0 2  showed  negative  creep.  All  of  these 

changes  are  a  result  of  the  chemical  interaction  of  the  alloy  with 
the  oxygen  in  the  sodium. 

Microscopic  analysis  of  rupture  specimens  has  shown  that 
pure  sodium  causes  no  structural  changes  in  the  alloy  (Figure  149). 
In  specimens  tested  in  sodium  strongly  contaminated  with  oxygen 
the  internal  surface  showed  a  layer  of  products  of  the  interaction 
of  the  alloy  with  sodium  oxide.  Inspection  of  metallographic 
sections  also  clearly  shows  an  increase  in  the  number  of  inter¬ 
crystalline  cracks  and  the  depth  of  their  penetration  into  the 
structure  of  the  metal. 

Regularities  of  the  influence  of  an  oxygen  impurity  in 
sodium  on  long  term  strength  of  materials  similar  to  that  described 
above  were  also  observed  in  the  testing  of  alloy  EI765  /276/.  A 
decrease  in  long  term  strength  as  a  result  of  contamination  of 
sodium  with  oxygen  was  also  noted  for  EI85I  steel  /282/,  although 
in  this  case  a  slight  effect  was  observed  at  a  concentration  of 
1  wt  %  02. 

If  we  compare  the  data  of  tests  in  BOdium  with  1  and  10  wt  % 
02,  we  notice  the  absence  of  any  influence  of  sodium  with  1  wt  %  0^ 

on  EI869  alloy,  compared  to  the  strong  influence  of  sodium  with 
10  wt  %  02#  Although  different  quantities  of  oxygen  were  placed  in 

the  internal  cavity  of  the  specimens,  since  in  both  cases  it 
exceeded  the  equilibrium  concentration  (O.38  wt  %  0 2  /I367  at  tb* 

experimental  temperature  of  750°  C),  liquid  metal  of  the  same 
composition  was  in  contact  with  the  gauge  section  of  the  specimens; 
the  excess  quantity  of  sodium  oxide  was  present  as  a  second  phase. 
This  indicates  that  the  mechanism  of  the  effect  of  the  liquid 
metal  on  the  material  of  the  specimen,  as  well  as  the  intensity  of 
the  process  in  the  two  series  of  experiments  should  have  been  the 
same.  The  difference  in  the  effects  of  the  medium  on  the  long 
term  strength  of  the  alloy  produced  in  spite  of  the  identity  of 
the  mechanisms  is  apparently  explained  by  the  difference  in  the 
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absolute  oxygen  content  in  the  system*  Actually,  mctallographic 
analysis  of  specimens  ruptured  in  sodium  containing  10%  0^  and 

atalysis  of  the  creep  curves  indicate  that  the  earlier  rupture  was 
caused  by  the  corrosive  influence  of  the  medium  -  chemical  inter¬ 
action  of  the  material  of  the  specimen  with  the  sodium  oxide.  The 
degree  of  damage  in  this  case  depends  on  the  portion  of  the  cross 
section  of  the  specimen  subjected  to  corrosion  which  in  turn 
depends  on  the  quantity  of  the  reagent  in  the  system  ani  the 
dimensions  of  the  cross  section.  Therefore,  the  following 
corrosiveness  factor  can  be  used  to  characterize  the  c jrrosiveness 
of  the  oxygen  in  the  liquid  metal  system: 


K  •  __2i_ 


(259) 


where  PQ  is  the  weight  of  oxygen  in  the  system;  S  is  the  area  of 

the  entile  surface  of  the  structural  material  in  contact  with  the 

liquid  metal;  .  is  the  minimal  transverse  dimension  of  the 
nun 

submerged  portion  of  the  specimen  (wall  thickness  in  the  case  of  a 
tubular  specimen). 


Figure  149.  Microstructure 
of  surface  layer  of 
EI869  specimens  after 
long  term  strength 
testing  at  750°  C 
(by  150): 

a  -  tested  in  sodium 
with  0.01  wt  %  0  , 

<r  =  12  kg/mra2 , 

T  =  1885  hr;  ta¬ 
in  sodium  with  10  wt 
%  02,  <r  s  5  kg/mm2, 

r  =  487  hr. 


For  long  term  strength  tests  in  sodium  of  10  wt  %  0.,  in  the 

experiments  described  above,  the  corrosiveness  factor  was 

4.9  k/cm''’,  while  for  tests  with  1  wt  %  0^  it  was  about  0.5  g/cm^. 

As  the  experimental  data  show,  no  influence  of  oxygen  on  the  long 
term  strength  of  a  nickel  alloy  at  750°  C  in  a  static  sodium 
system  should  be  expected  if  the  corrosiveness  factor  is  less  than 
0.5  g/cnr.  However,  type  El85x  chrome-nickel  austeni t-i  steel 
does  experience  some  influence  of  sodium  at  700°  C  even  where 

K  =0.5  g/ctsP  The  performance  of  experiments  on  the 

C  01* 

determination  of  long  term  strength  of  various  materials  in 
sodium  contaminated  with  oxygen  should  provide  the  critical  values 
of  corrosiveness  factor  for  materials  of  various  classes. 

In  connection  with  these  results,  we  must  also  note  that 
although  quite  high  per  cent  contents  of  oxygen  in  sodium  were 
used  in  order  to  produce  the  effect  of  decreased  long  term  strength, 
this  does  not  mean  that  the  influence  of  oxygen  in  any  liquid 
metals  system  will  be  observed  only  at  these  high  degrees  of 
contamination.  We  know  that  large  sodium  installations  are  care¬ 
fully  screened  and  the  content  of  oxygen  in  them  is  maintained 
at  low  levels.  However,  since  the  effect  of  the  influence  is 
determined  by  the  absolute  content  of  oxygen  in  the  sodium,  even 
with  high  purification  but  with  a  large  ratio  of  the  volume  of 
liquid  metal  to  the  area  of  the  internal  surface  of  the  installa¬ 
tion,  the  agressiveness  factor  of  the  oxygen  may  be  rather  high. 

Of  course,  we  must  recall  the  existence  of  the  lower  boundary  of 
the  effect  -  the  minimum  concentration  of  oxygen  in  the  sodium  at 
which  the  chemical  reaction  can  occur. 

4.  Influence  of  Electrotransfer  on  Long  Term 
Strength  of  Materials  in  Sodium 

Earlier,  we  presented  the  results  of  tests  of  the  alloys 
EI869,  EI827  and  EI765  for  long  term  strength  in  sodium  under 
thermal  mass  transfer  conditions.  It  was  demonstrated  that  the 
decrease  in  the  long  term  strength  results  only  from  the 
corrosion  influence  of  the  medium.  Careful  studies  of  mass 
transfer  have  been  established  that  an  electromotive  force  arises 
between  the  ends  of  a  long  term  strength  specimen  under  tensile 
stress  (see  Figure  95).  It  has  been  determined  in  exactly  the 
same  manner  as  the  EMF  of  convection  chambers  is  determined  (see 
Part  I,  Chapter  VII).  Electrodes  of  KH18M10T  steel  were  welded 
to  the  upper  end  of  an  extension  tube  made  of  KH18M10T  steel  and 
to  the  specimen  beneath  its  gauge  portion.  Consequently,  one 
end  of  the  upper  electrode  was  at  the  temperature  of  the  cold  zone 
of  the  liquid  metal  system,  on  the  other  end  was  at  room  tempera- 
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turej  the  ends  of  the  second  electrode  were  at  the  temperature  of 
the  hot  zone  and  at  room  temperature.  Connection  of  a  potenti¬ 
ometer  to  these  electrodes  demonstrated  that  an  electromotive  force 
arises  between  the  ends  of  the  specimen,  related  to  the  presence 
of  Si  liquid  metal  inside  the  specimen.  The  correctness  of  this 
conclusion  is  confirmed  by  Vue  fact  that  the  EMF  is  several 
millivolts  when  the  liquid  metal  is  present  in  the  specimen  and 
the  temperature  difference  between  the  hot  and  cold  zones  is 
several  hundred  degrees,  and  only  0.1-0, 2  mv  when  the  liquid  metal 
is  absent  in  the  specimen  with  the  same  temperature  difference. 

The  electromotive  force  produced  is  thermoelectric,  not 
electrochemical  in  nature  (see  Part  I,  Chapter  VII),  However, 
there  is  reason  to  believe  that  it  might  influence  the  corrosion 
process  even  in  this  case. 

Weeks  and  Klamut,  as  was  stated  earlier,  assume  /62/  that 
the  high  electrical  conductivity  of  liquid  metals  under  the 
influence  of  a  thermal  electromotive  force  might  result  in  the 
formation  of  a  powerful  electric  cnrrsrt,  causing  electrotransfer 
of  components  of  structural  material.  Therefore,  we  must  determine 
whether  the  reduction  in  long  term  strength  of  the  material  is 
related  to  the  electromotive  force  and  consequently  to  electro¬ 
transfer,  or  whether  the  corrosion  process  is  determined  only  by 
thermal  mass  transfer.*  Tests  of  long  term  strength  under 
conditions  of  mass  transfer  with  the .passage  of  a  constant  electri¬ 
cal  current  through  specimens  were  performed  for  this  purpose  /4l97« 

A  diagram  of  the  experiment  is  shown  on  Figure  150.  The 
DC  source  used  was  a  selenium  rectifier  type  VSG-3M,  The  current 
in  the  specimen  circuit  was  regulated  by  a  rheostat,  with  the 
required  current  established  at  the  beginning  of  the  experiment 
then  left  constant  right  up  to  the  moment  of  rupture  of  the 
specimen.  Type  EI869  alloy  was  used  in  the  test.  The  temperature 
of  the  gauge  portion  of  the  specimen  was  750°  C,  the  temperature 
of  the  cold  zone  -  about  400°  C.  These  temperature  conditions 
were  maintained  during  testing  of  the  specimens  with  and  without 
current.  In  all  tests,  the  current  was  maintained  at  190  A.  The 
specimens  were  tested  for  long  term  strength  at  a  stress  of 

15  kg/mra^.  The  tests  were  performed  using  typeB  UIM-5  machines. 

The  results  of  the  tests  are  presented  in  Table  54. 


* 

in  these  long  term  strength  tests,  in  contrast  to  the  corrosion 
tests,  the  electric  circuit  through  the  convection  chamber  was 
closed  through  the  support  of  the  machine  and  a  current  passed 
through  the  circuit. 
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Figure  150*  Diagram  of  tests  of 
specimens  for  long  term 
strength  in  liquid  metal 
under  thermal  mass  trans¬ 
fer  conditions  with 
electric  current  from 
external  source  passing 
through  specimen: 

1  -  spt'imen;  2  -  recti¬ 
fier;  3  -  electric 
furnace. 


Table  54 

Results  of  Tests  of  EI869  Alloy  for  Long  Term 
Strength  in  Sodium  at  750°  C  at  15  kg/mra2  Load 
with  Electric  Current  Passing  Through  Specimen 


Current,  a 

Polarity  (sign) 
of  specimen 

Time  to  rupture, 
hr 

Deformation  creep 
(elongation),  % 

No  current 

161 

0.20 

- 

»  ii 

197 

0.24 

- 

It  M 

97 

0.19 

190 

- 

124 

0.21 

150 

115 

0.22 

190 

202 

0.18 

190 

♦ 

151 

0.13 

190 

♦ 

146 

0.49 

m 

1639* 

0.8  2* 

• 

Specimen  tested  in  air 
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As  we  can  see  from  the  table,  the  liquid  sodium  causes 
identical  reduction  in  long  term  strength  of  the  material  in 
comoarisuu  with  this  level  in  air,  regardless  of  whether  an 
electric  current  passes  through  the  liquid  metal  medium  or  not. 

The  direction  of  the  electric  current  in  the  liquid  metal  medium 
also  has  no  effect  on  the  long  fc?rm  strength  of  the  material.  The 
values  of  time  to  rupture  of  all  specimens  in  sodium  lie  witL\- 
the  limits  of  normal  variation  for  long  term  strength  tests. 

We  mentioned  above  that  a  current  of  190  a  passed  through 
the  circuit.  Of  greatest  interest  is  the  electric  current  and 
intensity  in  the  liquid  metal  flow.  Considering  that  the  tube  and 
the  liquid  metal  which  fill  it  form  a  circuit  consisting  of 
parallel  connected  conductors,  we  can  determine  that  the  current 
passing  through  the  liquid  sodium  was  approximately  160  a,  through 
the  tube  -  JO  a.  The  current  density  through  the  sodium  was  204 
a/cm2,  that  is  rather  high. 

In  a  moving  liquid  metal  medium,  of  course,  we  cannot 
observe  the  same  effects  of  the  electrotransfer  of  dissolved 
elements  as  observed  under  static  conditions  in  experiments  with 
capillary  tubes  /4l8,  42Q7.  However,  we  can  assume  that  the 
additional  impetus  imparted  to  the  atoms  in  solution  under  the 
influence  of  the  electrical  current  will  either  lead  or  hinder 
their  movement  under  the  influence  of  convection  forces  toward  the 
upper,  cold  portion  of  the  chamber.  Consequently,  if  the  impetus 
was  high  enough,  it  could  influence  the  process  of  mass  transfer, 
accelerating  or  retarding  it. 

Naturally,  the  influence  of  an  electrical  current  should 
depend  on  its  direction.  Whereas  with  one  direction  with  current 
the  movement  of  the  ions  in  the  liquid  metal  solution  toward  the 
cold  zone  will  be  more  rapid,  when  the  polarity  is  changed  the 
movement  of  the  ions  should  be  retarded  by  the  effect  of  the 
current.  It  is  interesting  to  note  that  in  the  ascending  and 
descending  flows  of  liquid  metal  the  electrical  impulses  act  on 
the  ions  in  the  same  direction,  but  in  the  ascending  flow  they 
accelerate  of  decelerate  the  movement  of  the  ions  to  the  cold  zone 
(zone  of  crystallization)  while  in  the  descending  flow  they 
correspondingly  retard  or  accelerate  the  movement  of  the  same  ions 
toward  the  hot  zone  (dissolution  zone).  Consequently,  when  tests 
are  performed  using  the  method  described  above,  the  electric 
currents  should  accelerate  or  retard  while  mass  transfer,  acting 
on  both  of  the  liquid  metal  flows. 

In  the  considerations  outlined  above  show  how  an  electrical 
current  can  influence  the  process  of  thermal  mass  transfer.  The 
electric  current  stay  result  from  a  thermoelectromotive  force 


arising  between  the  ends  of  a  specimen  or  from  an  external  source. 
In  experiments  on  the  long  term  strength  of  EI869  alloy  in  liquid 
sodium,  the  thermoelectromotive  force  amounted  to  a  few  millivolts. 
Consequently,  it  was  necessary  that  the  external  source  of  current 
create  a  potential  difference  between  the  ends  of  the  specimen 
at  least  no  less  than  the  thermoelectroootive  force.  Only  when 
this  condition  can  be  observed  can  the  electrical  current  caused 
by  the  external  source  (if  the  direction  is  opposite)  overcome  the 
influence  of  the  thermo  current  in  mass  transfer,  if  the  thermo 
current  has  such  an  influence.  In  the  experiments  described  above, 
the  potential  difference  resulted  from  the  external  source  exceeded 
the  thermoelectromotive  force  by  approximately  one  order  of 
magnitude.  Consequently,  the  condition  necessary  for  such  tests 
was  observed.  In  spite  of  this,  as  the  experimental  results 
show,  the  electric  current  had  no  influence  on  either  the  time  to 
rupture  of  the  specimens  or  their  plasticity. 

Thus,  we  can  conclude  that  the  electric  current  caused  by 
the  thermoelectromotive  force  has  no  influence  on  the  process  of 
thermalmass  transfer  of  EI869  alloy  in  liquid  sodium,  which  leads 
to  early  rupture  of  specimens  in  comparison  with  tests  in  air. 

The  influence  of  the  liquid  metal  medium  is  neither  increased  nor 
decreased  with  an  electric  current  density  considerably  higher 
(approximately  one  order  of  magnitude),  achieved  by  connection  of 
an  external  DC  source  to  the  liquid  metal  system. 

C.  Diffusion  Influence 

The  diffusion  influence  of  a  liquid  metal,  in  contrast  to 
the  adsorption  influence,  occurs  not  at  the  phase  boundary,  but 
rather  within  the  structure  of  the  metal  deformed,  and  leads  to 
changes  in  the  mechanical  properties  of  a  certain  sector  of  the 
metal.  Thus,  the  diffusion  influence  is  not  a  surface  influence, 
but  rather  a  volumetric  influence.  Diffusion  of  atoms  of  the 
liquid  metal  into  the  solid  metal  forms  a  layer  of  solid  solution. 
Consequently,  the  nature  of  the  influence  of  the  medium  depends 
on  the  mechanical  properties  of  the  solution.  Another  essential 
difference  between  the  diffusion  influence  and  the  adsorption 
influence  is  that  the  former  is  irreversible,  while  the  latter  is 
reversible. 

Changes  in  the  mechanical  nroperties  during  dissolution  can 
seemingly  be  determined  on  the  b?.sia  of  practice  of  alloying  of 
metals.  However,  alloying  results  in  an  increase  in  strength  and 
yield  point  and  an  increase  in  creep  resistance  of  alloys,  that 
is  the  influence  of  alloying  is  opposite  to  that  of  liquid  metals 
(in  certain  cases  the  nature  of  the  influence  of  liquid  metals 
and  alloying  may  be  the  same ;  for  example ,  see  the  results  of 
tests  of  monocrystals  for  creep  /272 /)• 
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'-'’he  mechanisms  of  the  increase  in  strength  of  solid  solutions 
in  comparison  to  pure  metals  may  be  various:  interaction  of  the 
stress  Held  around  atoms  of  the  alloying  elements  with  the  stress 
field  of  moving  dislocations;  inhibition  of  extended  dislocations; 
formation  of  close  order;  precipitation  of  dissolved  atoms  on 
dislocation  steps  and  resulting  impediments  to  motion;  chemical 
interactions  of  atoms  of  the  alloying  element  and  atoms  of  the 
base  metal,  etc.  /576,  393,  421-4247.  Obviously,  the  influence  of 
these  mechanisms  in  alloying  of  any  element  will  be  the  same:  an 
increase  in  the  strength  of  the  solid  solution.  Therefore,  the 
weakening  influence  of  the  liquid  metal  diffusion  into  the  solid 
metal  must  not  be  related  to  these  mechanisms. 

V.e  must  emphasize  that  the  practice  of  alloying  involves 
primarily  introduction  of  high-melting  elements  to  metals.  This 
generally  leads  to  an  increase  in  the  bonding  forces  in  the 
crystalline  lattice  /425  -  42 'lj ,  One  essential  difference  in  the 
alloying  of  low-melting  elements  is  apparently  the  lower  values  of 
bonding  forces  between  the  different  atoms  than  between  the  atoms 
of  the  base  metal.  This  influence  of  alloying  is  indicated  by  the 
decrease  in  the  melting  point  of  the  solid  solution.  Obviously, 
the  influence  of  this  factor,  causing  a  decrease  in  strength,  will 
in  some  cases  be  greater  than  the  influence*  of  the  changes  in 
lattice  parameter  resulting  from  differences  in  the  atomic  radii  of 
the  dissolved  metal  and  the  solvent.  Furthermore,  there  is  an 
indication  that,  distortion  of  the  crystalline  lattice  is  an  un¬ 
favorable  factor  for  long  term  operation  of  a  metal  at  high  temper¬ 
ature,  for  its  heat  resistance  and  should  be  kept  to  a  minimum 
/4237.  The  diffusion  influence  of  a  liquid  metal  medium  at  high 
temperature,  leading  to  a  decrease  in  long  term  strength  and  an 
increase  in  creep  rate,  may  be  a  result  of  the  decrease  in  activa¬ 
tion  energy  of  self  diffusion  of  the  base  metal  due  to  distortion 
of  its  1st  ice. 

Formation  of  solid  solutions  with  high  concentrations  of  the 
metal  of  the  medium  are  highly  possible  in  the  practice  of  the 
usage  of  structural  materials  in  liquid  metal  media.  Therefore, 
there  is  greater  •'•terest  in  cases  of  very  low  solubility  of  the 
liquid  metal  in  the  solid  metal.  Although  the  degree  of  the 
influence  of  the  dissolved  metal  on  the  bonding  forces,  melting 
point  of  the  solution,  etc.,  increases  with  increasing  concentra¬ 
tion,  an  essential  decrease  in  the  strength  and  plasticity  of 

i  the  solid  metal  is  possible  even  with  a  negligible  amount  of  the 

low-m'0 ting  metal  present.  This  influence  is  most  probable  if 
the  >,  vlved  element  is  horophilic.  In  this  case,  it  might  be 
expected  that  an  increase  in  its  content  at  the  grain  boundaries 
would  lead  to  a  decr.ase  in  the  coefficient  of  viscosity  at  high 
temperature  which,  in  turn,  causes  an  increase  in  the  creep  rate 
due  to  the  increased  share  cf  intercrystallite  slipping,  and  also 
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lea^s  to  earlier  formation  of  intercrystallite  cracks  and  rupture 
than  in  an  inert  medium.  The  horophilicity  of  atoms  of  the  liquid 
metal  can  facilitate  rupture  of  a  solid  solution  not  only  along 
grain  boundaries,  but  along  boundaries  of  mosaic  units,  along 
slipping  planes  and  along  sectors  of  "pretransient"  type  structures 
in  aged  alloys  if  subcrystalline  internal  adsorption  occurs  /428- 

W. 


The  case  of  the  influence  of  a  small  impurity  of  a  horopbi- 
lic  metal  on  the  metal  being  deformed  which  we  are  analyzing 
results  from  the  diffusion  influence  of  the  medium,  but  it  is 
still  a  mixed  diffusion-adsorption  influence.  The  reason  is  that 
the  accumulation  of  the  low-melting  metal  along  the  grain 
boundaries  leads  to  a  decrease  in  their  free  surface  energy.  How¬ 
ever,  in  spite  of  this  the  adsorption  influence  of  the  horophilic 
metal  and  the  ordinary  adsorption  influence  resulting  from  processes 
of  interaction  on  the  boundary  between  the  solid  and  liquid  metals 
differ  essentially.  First  of  all,  the  degree  of  decrease  of 
surface  energy  of  the  metal  at  the  boundary  with  the  liquid  phase 
is  greater  than  that  which  results  from  the  presence  of  a  small 
amount  of  the  low-melting  metal  in  the  boundary  zone  or  surface 
layer.  Secondly,  rupture  in  the  case  of  "phase  adsorption"  begins 
at  the  surface,  while  in  the  case  of  the  influence  of  the  horo¬ 
philic  impurity  it  begins  in  the  volume  of  the  metal.  Third, 
the  magnitude  of  the  a  orption  effect  with  "phase  adsorption" 
depends  on  the  rate  of  propagation  of  a  crack  and  the  rate  of 
penetration  of  liquid  metal  in  the  crack}  the  presence  of  the 
horophilic  impurity  along  the  grain  boundaries  excluded  influence 
of  these  kinetic  factors  for  the  beginning  of  deformation,  and 
the  magnitude  of  the  effect  is  determined  by  the  deposition  density 
of  impurities  in  the  boundary  zone  of  the  metal  deformed.  Fourth, 
the  adsorption  effect  in  the  case  of  "phase  adsorption"  is 
reversible,  while  the  similar  effect  caused  by  horophilic  impuri¬ 
ties  is  irreversible.  Since  the  influence  of  horophilic  impurities 
is  possible  only  afte:,'  diffusion  has  occurred,  that  is  it  results 
in  the  final  analysis  from  the  occurrence  of  diffusion,  this 
mixed  form  of  influence  of  the  liquid  metal  medium  should  b6 
analyzed  in  the  section  on  diffusion  influences. 

Regardless  of  whether  the  low-melting  metal  diffuses  evenly 
through  the  volume  of  the  solid,  deformed  metal  or  principally 
along  grain  boundaries,  the  influence  of  the  medium  on  the  develop¬ 
ment  on  rupture  cracks  can  be  represented  as  follows.  The 
diffusion  of  atoms  of  a  medium  leads  to  a  change  in  the  physical 
mechanical  properties  of  the  damaged  sector  of  the  solid  metal 
(Figure  151).  Since  the  zone  of  plastic  deformation  of  the  metal 
is  located  near  the  end  portion  of  the  crack,  and  since  the 
diffusion  is  accelerated  due  to  the  plastic  deformation  /^Jl-4347, 
the  diffusion  front  here  penetrates  somewhat  more  deeply  into  the 
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Figure  151.  Diagram  of  rupture 
of  metal  in  diffusion 
active  liquid  metal 
medium,  (P  -  load; 

O'  -  stress). 


metal  than  at  neighboring  sectors.  Penetration  of  the  crack  into 
the  depth  of  the  specimen  now  requires  breaking  of  bonds  between 
atoms  which  are  components  of  the  solid  solution.  Since  the  bond 
forces  in  the  solid  solution,  one  component  of  which  is  the  low- 
melting  metal,  are  weaker  than  in  the  initial  pure  metal,  they 
are  broken  with  a  lower  value  of  applied  stress  in  the  case  of 
tests  with  constant  deformation  rate,  or  breaking  of  the  borin 
requires  a  lower  degree  of  thermal  fluctuations  in  the  ca^c-  of 
tests  with  constant  stress.  In  fatigue  tests,  the  movement  of  a 
crack  occurs  with  a  lower  value  of  plastic  deformation  of  the  metal 
adjacent  to  the  end  portion  of  the  crack,  or  with  a  lower  concen¬ 
tration  of  vacancies  fi70t  435,  436 7  than  when  the  diffusion 
effect  of  the  medium  is  absent. 


In  tensile  tests  with  constant  rate  of  deformation,  the 
diffusion  effect  of  the  medium  in  a  crack  can  be  characterized  by 
a  certain  mean  value  of  specific  work  over  the  length  of  the 

crack.  Then  the  change  in  energy  of  the  metal  during  the  formation 
of  a  crack  of  length  c  is  expressed  in  the  form 


AK  --  2yc  -f-  /-c  —  cpc  — 


0*C* 
2F.y  ’ 


(240) 


where  E^  is  the  local  value  of  modulus  of  elasticity  of  the  metal 
in  the  diffusion  zone;  the  remaining  symbols  are  the  same  as  in 
formula  (l80).  Using  equation  (240)  and  the  condition  for  the 
formation  of  a  Griffith  crack  d  AE/dt  =  C,  we  produce  the 
following  expression  for  the  rupture  resistance 

_  ,/MTFW2— <p/2)  (241) 

<j„  (i  y - - -  . 


Thus,  the  greater  the  weakening  the  bonding  forces  in  the 
diffusion  zone,  the  greater  the  equivalent  work  ip  ,  the  greater 
the  decrease  in  strength  of  the  metal. 
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The  dynamic  effect  is  apparently  significant  in  the 
diffusion  influence  of  the  medium,  in  addition  to  the  static  effect 
of  weakening  of  bonds  in  the  lattice  of  the  metal,  which  is  also 
present  if  the  solid  solution  is  formed  for  the  beginning  of  the 
test.  Its  influence  is  related  to  continuous  diffusion  of  the  atoms 
of  the  medium  during  deformation  of  the  metal.  The  movement  of 
the  diffusion  flow  of  atoms  apparently  can  lead  to  a  decrease  in 
stability  of  the  atoms  which  are  in  the  metastable  position  in 
the  crystalline  lattice.  Under  the  influence  of  the  diffusing 
atoms  of  the  medium,  the  atoms  of  the  base  metal  will  receive 
additional  impetus,  which  facilitate  their  transition  to  a  more 
stable  position.  Apparently,  this  influence  can  lead  to  liberation 
of  the  inhibited  boundary  dislocation,  to  creep  of  this  dislocation 
to  neighboring  slipping  planes  as  a  result  of  transition  to  a 
new  position  of  atoms  at  the  edge  of  the  dislocation  plane. 
Apparently,  the  additional  impetus  of  the  diffusion  atoms  also 
facilitates  rupture  of  the  bonds  between  atoms  in  the  end  portion 
of  the  crack  when  the  metal  is  tested  for  long  term  strength,  since 
this  impetus  decreases  the  thermal  fluctuations  supporting  rupture 
of  the  bonds. 

The  diffusion  influence  of  the  liquid  metal  may  be  particu¬ 
larly  greatly  increased  with  unstable  temperature  regime  of  de¬ 
formation  if  the  temperature  dependence  of  the  solubility  of  the 
liquid  metal  and  the  solid  metal  is  sharply  expressed*  In  this 
case  when  the  temperature  is  decreased  the  second  phase  may 
separate;  liquid  metal,  intermetallic  compound  or  super  saturated 
solution,  which  looses  coherent  coupling  to  the  initial  solid 
solution.  Nature  ly,  the  most  dangerous  effect  is  the  separation 
of  the  liquid  metal,  since  sectors  of  the  new  phase  in  this  case 
forms  seeds  for  rupture  cracks. 

One  essential  .feature  of  the  effect  of  the  diffusion 
influence  of  liquid  metal  on  solid  metal  is  its  time  dependence. 

The  longer  the  contact  between  the  liquid  mfetal  and  the  solid  metal 
before  or  during  deformation,  the  greater  the  depth  into  the 
specimen  which  the  diffusion  front  can  move,  the  greater  the 
change  in  the  mechanical  properties  of  the  metal  being  tested. 

Table  55  shows  the  dependence  of  mechanical  properties  of  lead 
specimens  in  extension  at  constant  rate,  as  well  as  the  number  of 
bends  on  contact  time  with  mercury  before  the  beginning  of  the 
experiment  /^3 77 •  The  tests  were  performed  using  flat  specimens 
with  a  gauge  section  thickness  of  1.2  mm  and  a  width  of  5  mm.  We 
can  see  from  the  table  that  as  the  duration  of  contact  of  speci¬ 
mens  with  mercury  increases,  the  effeot  (decrease  in  strength, 
plasticity  and  number  of  bends)  of  the  contact  increases  continual¬ 
ly,  The  decrease  in  the  degree  of  change  of  mechanical  properties 
as  contact  time  increases  it  apparently  caused  by  the  approximation 
of  the  solid  solution  concentration  to  the  equilibrium  of  level. 
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The  considerable  solubility  of  mercury  ir  load  is  confirmed  by 
the  data  of  /I197. 

An  influence  of  holding  time  in  liquid  metal  on  the  mechanical 
properties  of  a  solid  metal  similar  to  that  described  above  was 
also  observed  in  short  term  tensile  tests  of  type  L62  brass  /438/ 
and  copper-beryllium  /23Z 7  after  contact  with  mere  iry. 

The  following  observation,  made  during  tests  of  armco  iron 
for  creep  in  liquid  zinc,  saturated  with  iron  (see  beginning  of 
this  chapter)  is  also  related  to  the  influence  of  time  on  the 
diffusion  effect  of  the  liquid  metal:  the  degree  of  influence  of 

the  liquid  metal  on  the  creep  rate  of  armco  iron  in  the  second 

period  was  greater  than  the  first  period,  that  is  the  value  of  the 
creep  rate  increase  factor  for  the  second  period  was  greater  than 

for  the  first,  with  all  values  of  applied  stress  (Figure  132). 

This  fact  as  well  as  the  increase  of  the  effect  with  decreasing 
stress,  are  determined  by  the  more  complete  occurrence  of  diffusion 
processes  as  the  diffusion  time  of  atoms  of  the  medium  into  the 
deformed  metal  increases.  We  must  note  here  that  the  relationhsip 
between  creep  rate  inerease  factors  with  adsorption  and  corrosion 
by  the  liquid  metal  (see  Sections  A  and  B  of  this  chapter)  and 
with  the  diffusion  effect  differ. 


Table  55 


Mechanical  Properties  of  Type  S3  Lead 
Specimens  has  a  Function  of  Contact 
Time  with  Mercury  before  the  beginning 
of  the  Test 


Time  of 
exposure  to 
mercury,  sec 

2 

(Tg,  kg/mm 

Sk,  kg/mm2 

M 

Number 

of 

bends 

0 

mmsM 

1 

62 

84 

15 

60 

-v:' 

57 

74 

14 

600 

19.1 

57 

46 

3 

1800 

14.8 

57 

30 

2 

3600 

10.5 

14.7 

57 

25 

1 

7200 

10.4 

12.6 

56 

1 

252 


The  decrease  in  strength  and  plasticity  of  monocrystals  under 
the  influence  of  a  liquid  metal  coating  is  also  sometimes  related 
to  volumetric  diffusion  of  atoms  of  the  medium,  as  was  shown  by 
the  works  of  V.  N.  Hozhanskiy  /439t  440/.  The  diffusion  of  liquid 
metal,  as  these  works  indicate,  sometimes  leads  to  the  formation 
of  new  phases,  to  the  rupture  of  specimens  along  planes  of  induced 
cleavage.  Works  on  the  investigation  of  internal  friction  in 
metal  specimens  with  thin  surface  coatings  of  low-melting  metal 
also  indicate  the  diffusion  influence  of  liquid  metals  /280,  281, 
441/.  The  increase  in  internal  friction  established  in  these 
works  is  proportional  to  the  increase  in  grain  boundary  surface 
area,  indicating  intercrystalline  diffusion  and  horophilicity  cf 
the  diffusing  metal. 


Figure  152.  Creep  pate  increase  factor  in  the 
first  (1)  and  second  (2)  periods  has  a 
function  of  stress  in  tests  of  armco 
iron  in  liquid  zinc  saturated  with  iron 
at  500°  C. 


An  indirect  indication  of  the  possibility  of  reducing  the 
long  term  strength  of  materials  as  a  result  rf  the  diffusion  of 
low  melting  metals  can  be  found  in  the  results  of  /442-444/.  These 
works  showed  that  the  time  to  rupture  at  relative  elongation  of 
heat  resistant  alloys  tested  under  constant  stress  at  high  tempera¬ 
ture  decrease  sharply  even  with  negligible  contents  of  Pb,  Sb,  Bi 
and  other  low  melting  metals.  For  example,  in  the  Pridantsev 
established  reference  /443/  that  the  time  to  rupture  for  specimens 
of  type  BI43?  nickel  alloy  at  700°  C  with  a  stress  of  36  kg/mm^  is 
88,  28  and  12  hr  with  a  content  of  lead  in  the  alloy  of  0.0006, 
0.0015  and  0.0050  wt.  %  respectively. 

Since  appearance  of  the  diffusion  influence  of  the  liquid 
metal  on  the  solid  metal  during  the  deformation  process  requires 
more  rapid  movement  of  the  diffusion  front  into  the  depth  of  the 
specimen  than  the  movement  of  a  crack,  there  is  a  kinetic 
condition  for  the  diffusion  offect.  In  the  case  of  tensile  testing 
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of  a  metal  at  constant  deformation  rate,  this  conr'tion  can  be 
produced  aa  follows.  We  represent  by  tn  the  time  to  rupture  of 

a  specimen  stretched  at  rate  £  in  an  inactive  medium.  Suppose 
its  elongation  at  the  moment  of  rupture  is  S  ;  then  tg  *  S  /  t  • 

We  represent  by  t^  the  time  required  for  diffusion  penetration  of 

the  liquid  metal  through  a  layer  of  the  metal  of  the  specimen  with 
thickness  equal  to  its  diameter  L.  If  the  diffusion  factor 
(volumetric  or  boundary,  depending  on  the  nature  of  propagation  of 

p 

the  crack)  is  D,  then  t^  D/L  .  Since  facilitation  of  crack 

development  is  necessary  for  fulfillment  of  inequality  t^  tQ, 

the  kinetic  condition  for  appearance  of  the  diffusion  effect  of 
the  liquid  metal  will  be 

e<TT*  (242) 

Thus,  the  diffusion  influence  of  the  medium  can  appear  only 
with  specimen  deformation  rates  for  which  inequality  (242)  is 
fulfilled.  At  higher  rates  of  deformation,  the  specimen  will  not 
experience  the  diffusion  influence  of  the  liquid  metal.  However, 
it  should  be  noted  that  condition  (242)  is  correct  if  the  contact 
time  of  the  specimen  with  the  liquid  metal  before  the  test  is  not 
great,  that  is  if  it  is  much  less  than  ^  . 

It  was  shown  in  Chapters  II  and  III  that  the  diffusion 
influence  of  the  liquid  metal  on  the  long  term  strength  and  creep 
of  materials  increases  with  decreasing  temperature.  For  example, 
tests  at  constant  stress  have  shown  that  the  relative  decrease  in 
time  to  rupture  and  increase  in  stable  creep  rate  of  armco  iron 
under  the  influence  of  liquid  zinc  are  greater,  the  lower  the 
temperature  (see  Figure  96,  b  and  109,  b).  The  results  of  these 
tests  seem  at  first  glance  to  be  paradoxical,  since  the  diffusion 
factor  increases  exponentially  with  increasing  temperature. 

However,  this  influence  of  the  diffusion  factor  of  the  liquid  metal 
is  quite  normal.  During  long  term  strength  tests,  it  is  possible 
if  the  activation  energy  for  diffusion  of  the  liquid  metal  in  the 
solid  metal  is  less  than  the  activation  energy  for  rupture  of  the 
solid  metal.  This  can  be  demonstrated  as  follows. 

The  diffusion  influence  of  ;he  liquid  metal  on  a  specimen 
at  two  different  experimental  temperatures  is  approximately  the 
same  if  the  depth  of  the  diffusion  zone  is  equal.  Let  us  represent 
by  and  the  depths  of  diffusion  penetration  of  atoms  of  the 

medium  into  the  specimen  at  temperatures  T^  and  '1^  >  T^).  If 


254 


the  diffusion  is  volumetric,  then  =  K/D  and  ^  ^ * 

we  will  assume  that  and  are  the  values  of  time  to  rupture 

of  specimens  at  temperatures  T.  and  T_  respectively.  Haying  in 

^  Q/RT 

mind  the  relationship  f  =  Bev  ,  where  Q  is  the 

rupture  activation  energy,  and  since  D  =  D^e”1'^^',  where  is 

the  diffusion  activation  energy  of  the  liquid  metal  into  the 
solid  metal  we  produce 


and 

(243) 

Obviously,  the  degree  of  diffusion  influence  of  the  medium  is 
determined  by  the  ratio  X.^/  which  is  equal  to 

-|L  =  e7r  !Q  ~  fi) .  C 244 ) 

*2 

If  i^/  ^2  *  1*  the  degree  of  influence  of  the  liquid  metal 

at  various  temperatures  will  be  the  same.  We  can  see  from  equation 
(244)  that  this  case  is  possible  if  the  activation  energies  for 
rupture  and  diffusion  are  the  same.  If  J Jl ^  >  1,  when  the 

temperature  is  decreased  the  effect  of  the  influence  of  the  medium 
increases.  It  follows  from  (244)  that  this  is  possible  if  the 
rupture  activation  energy  is  greater  than  the  diffusion  activation 
energy.  Finally,  if  J  j ^  1,  the  degree  of  influence  of  the 

liquid  metal  increases  with  increasing  temperature.  This  last 
case  is  possible  if  the  rupture  activation  energy  is  less  than  the 
diffusion  activation  energy. 

Since  the  value  of  included  in  equation  (244)  represents 

the  diffusion  activation  energy  in  the  metal  near  the  end  portion 
of  a  crack  with  strongly  distorted  structure  as  a  result  of  the 
plastic  deformation  which  has  occurred,  its  value  should  be  rather 
low.  In  any  case,  it  should  be  not  over  the  activation  energy  for 
surface  diffusion  which,  according  to  the  calculations  of  S.  T. 
Kishkin  /44^7,  might  be  approximately  10  kcal/g.atom.  The  value 
of  rupture  activation  energy  is  generally  several  tens  of  kcal/g. 
atom.  Therefore,  in  most  cases  the  second  of  the  variants 
analyzed  above  is  realized  when  a  liquid  metal  diffuses  into  a 
solid  metal. 
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Commonality  and  Diffusion  of 
Adsorption,  Corrosion  and 
Diffusion  Factors 

The  tffects  of  the  influence  of  liquid  metals  on  solid  metals 
in  the  stressed  state  described  .in  the  second  portion  of  this  book 
result  from  the  effects  of  the  adsorption,  corrosion  and  diffusion 
factors.  The  macro  effect  observed  experimentally  is  a  result  of 
the  individual  or  combined  influence  of  these  factors. 

Experimental  investigations  have  indicated  that  all  three 
factors  act  in  the  same  direction  and  lead  to  a  decrease  in  the 
strength  and  plasticity  of  the  solid  metal,  or  in  certain  cased 
made  plasticize  it*  The  effects  of  each  of  these  three  factors 
are  thermal  dynamically  determined,  since  the  solid-liquid  metal 
system  is  brought  to  a  state  with  lower  thermal  dynamic  potential 
than  its  potential  in  the  initial  state. 

The  identical  nature  of  the  influence  of  the  adsorption, 
corrosion  and  diffusion  factors  on  thd  mechanical  properties  of 
the  metal  deformed  is  based  on  the  Identical  nature  of  their 
influence  on  the  atomic  bonding  forces  in  the  solid  metal,  namely 
a  weakening  of  the  atomic  bonds.  The  mechanism  of  the  influence 
of  the  liquid  metal  medium  on  the  strength  and  plasticity  of  the 
solid  metal  in  the  limiting  cases,  when  only  one  of  the  three 
factors  has  an  influence,  can  be  conveniently  analyzed  by  using 
the  diagrams  of  the  interaction  of  the  atoms  of  the  medium  and 
the  solid  metal  in  the  end  portion  of  a  crack  (Figure  153).  The 
stability  of  the  crack  in  the  field  of  external  forces  results 
from  the  bonding  forces  of  atoms  in  its  end  portion.  It  can  be 
considered  approximately  that  it  is  determined  by  the  bonding 

force  f^  of  the  pair  of  atoms  A  -  A  whose  interaction  energy 

ia  maximal  (see  Chapter  V,  A,  l). 

The  penetration  of  atoms  of  an  adsorption  active  liquid 
metal  into  the  crack  leads  to  weakening  of  bonding  iorce  f~^  to 

the  value  f..  and  to  the  establishment  of  new  bonds  f...  (see 
AA  AB 

Figure  153,  a).  At  this  point,  the  crack  can  propagate  by  one 
interatomic  distance  by  breaking  bonds  f^  and  f^,  not  bond  f^ 
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as  before*  Therefore,  the  condition  of  the  adsorption  influence 
of  the  medium  is  written  in  the  form 

fAD  +  fU<f°AUA,  (245) 

where  the  superscript  y  indicates  that  the  corresponding  values 
are  projections  of  vectors  on  the  y  axis,  corresponding  to  the 
direction  of  the  influence  of  th>  external  medium. 

Due  to  the  capability  of  adsorption  active  medium  atoms  to 
perform  surface  migration,  one  atom  of  the  medium  is  in  principal 
sufficient  for  propagation  of  a  crack  through  the  entire  cross 
section  of  the  solid  metal  (having  in  mind  a  flat  model  one  atom 
thick). 


Figure  153.  Diagram  of 
adsorption  (a), 
corrosion  (b)  and 
diffusion  (c)  in¬ 
fluences  of  liquid 
metal  on  solid  metal 
at  end  portions  of 
crack. 


One  specific  feature  of  the  adsorption  influence  is  its 
reversibility:  after  the  medium  is  removed,  the  mechanical 
properties  of  the.  metal  become  the  same  as  in  the  initial  6tate. 
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The  corrosive  influence  of  the  liquid  metal t  related  to  the 
dissoJution  of  solid  metal  -  the  most  frequently  encountered  form 
of  corrosive  destruction  -  causes  breaking  of  the  bonds  of  two 
light  atoms  A  -  A  in  the  end  portion  of  the  crack  as  well.  This 
rupture  is  facilitated  by  the  transition  of  one  atom  into  the 
liquid  metal  solution  (see  Figure  153,  b).  Thus,  the  condition 
for  the  corrosive  influence  of  the  medium  is  written  as  follows: 

/Xa</&.  (246) 

Obviously,  the  effect  of  the  corrosive  influence  is  greater, 
the  less  the  concentration  of  atoms  A  in  the  liquid  metal  and  the 
higher  the  saturation  concentration  of  the  liquid  metal  solution. 
The  presence  of  one  atom  B  in  the  crack  will  not  in  this  case 
cause  a  change  in  the  bonding  force  of  atoms  A  -  A.  After  removal 
of  the  medium,  changes  in  the  mechanical  properties  of  the  metal 
are  possible  only  as  a  result  of  irreversible  changes  in  the 
surface  (dissolution)  occurring  during  preliminary  holding  in  the 
liquid  metal. 

With  the  diffusion  influence,  which  is  related  to  diffusion 
penetration  of  liquid  metal  into  the  solid  metal,  the  bonds  broken 
are  not  between  like  atoms  A  -  A,  as  in  the  case  of  adsorption  and 
the  corrosion  influences,  but  rather  between  different  atoms  A  -  B 
(see  Figure  153,  c). 

The  condition  of  the  diffusion  influence  is 

f%<  f\V  (247) 

The  degree  of  corrosive  influence  is  greater,  the  stronger 
.an  inequality  (247)  and  the  higher  the  solubility  of  the  liquid 
metal  in  the  solid  metal.  The  effect  of  the  diffusion  influence 
is  irreversible,  and  removal  of  the  medium  from  a  surface  of  the 
solid  metal  will  not  result  in  restoration  of  its  mechanical 
properties  to  the  initial  level.  It  should  also  be  noted  that 
at  high  temperature  the  change  in  strength  of  plasticity  of  a  solid 
metal  may  result  from  an  increase  in  the  self-diffusion  factor  of 
the  metal-  the  base  of  the  solid  solution. 

The  interaction  of  atoms  of  solid  and  liquid  metals  in  the 
end  portion  of  a  crack  with  adsorption,  corrosion  and  diffusion 
influences  can  be  considered  identical  formally,  by  introducing 
a  certain  equivalent  specific  rupture  work.  Usage  of  this 
equivalent  leads  to  equations  of  identical  form  (l8l),  (226)  and 
(24l),  which  give  the  values  of  the  strength  of  the  deformed 
metal  when  acted  upon  by  a  liquid  metal  radium,  as  determined  by 
one  of  the  three  factors. 
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The  adsorption,  corrosion  and  diffusion  factors  differ  not 
only  in  the  mechanisms  of  their  influence  on  the  process  of 
rupture  of  a  solid  metal,  but  also  in  the  mechanisms  of  their 
plasticizing  influence.  Thus,  it  has  been  shown  /37§/  thst 
adsorption  plasticizing  results  from  the  effect  of  reduction  of  the 
surface  energy  barrier  b *')'  preventing  the  movement  of  dislocation 
to  the  surface  of  the  deformed  metal.  The  facilitation  of  plastic 
deformation  as  a  result  of  the  corrosion  influence  of  the  liquid 
metal  is  possible  as  a  result  of  solution  of  the  surface  atoms  of 
the  solid  metal  located  in  the  path  of  a  dislocation  moving  toward 
the  surface,  in  the  liquid  metal  /klty .  Diffusion  plasticizing  is 
apparently  possible  only  at  high  temperatures.  It  i6  manifested 
as  an  increase  in  creep  rate  of  the  solid  metal  in  a  liquid  metal 
medium  and  results  from  an  increase  in  self-diffusion  factors  of 
the  base  metal  resulting  from  penetration  of  atoms  of  the  medium 
intercrystalline  lattice.  At  low  temperature,  diffusion  plasti¬ 
cizing  does  not  appear,  since  the  distortion  of  the  crystalline 
lattice  in  this  case  has  more  influence  on  the  plastic  properties 
of  the  solid  solution  (and  also  more  influence  on  the  strength 
properties)  than  does  the  decrease  m  the  atomic  bonding  forces. 

V.’e  must  note  that  the  influence  of  the  medium  on  the  process 
of  rupture  of  this  solid  metal  is  greater  than  its  influence  on 
the  process  of  deformation.  For  example,  in  Chapter  V,  A,  1,  it 
is  shown  that  with  the  adsorption  influence  of  liquid  metal,  the 
change  in  rupture  activation  energy  (2b^A  i  )  is  twice  as  great 
as  the  change  in  the  energy  of  activation  required  for  a  disloca¬ 
tion  to  move  to  the  surface  of  the  metal  (b2AV).  As  a  result 
of  this,  the  change  in  the  strength  and  plasticity  characteristics 
(true  tensile  strength,  rupture  activation  energy,  limiting 
relative  elongation)  is  greater  than  the  characte- istics  of  the 
plasticizing  influence  of  the  medium  (yield  point,  hardening 
factor,  creep  activation  energy).  In  particular,  thia  is  explained 
by  the  fact,  noted  in  Chapter  I,  Section  1,  that  when  metals  are 
tested  for  rupture  in  an  adsorption  -  active  liquid  metal  medium, 
the  stress-strain  diagram  most  frequently  corresponds  with  the 
diagram  produced  by  teating  in  an  inert  medium,  right  up  to  the 
moment  of  rupture,  which  occurs,  in  the  liquid  metal  with  consider¬ 
ably  less  elongation  of  the  specimen.  The  placement  of  the  stress- 
strain  diagram  of  a  material  in  liquid  metal  in  the  area  of  lower 
stresses  than  the  stress-strain  diagram  of  the  material  in  an 
inert  medium  is  generally  much  rarer. 

In  addition  to  the  difference  in  the  mechanisms  of  the 
adsorption,  corrosion,  and  diffusion  influence  of  the  liquid  metal 
on  solid  metal,  there  is  also  a  difference  in  the  kinetics  of  the 
influence  of  these  factors.  It  was  demonstrated  in  Chapter  V, 

C  that  in  the  case  of  the  diffusion  influence  of  the  medium  the 
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critical  value  of  deformation  rate  of  the  metal  at  which  changes 
in  the  mechanical  properties  of  the  metal  are  so  observed  as 
defined  by  equation  (242),  that  is  the  value  of  critical  rate 
v*  is  proportional  to  the  value  of  the  diffusion  factor  for  atoms 

of  the  medium  ia  the  solid  metal:  v*  —  D^.  liquations  of  the  form 

of  (242)  can  be  produced  similarly  for  the  critical  rate  of 
deformation  with  the  adsorption  (v*)  and  corrosion  (v*)  influences 

ft  K 

of  the  medium.  The  only  difference  will  be  that  for  the 
characteristics  of  the  ads'^tion  influence,  we  will  have  to 
replace  in  the  equation  like  (242)  with  the  coefficient  of 

surface  migration  of  atoms  of  the  medium  into  a  crack  or  in 

cane  of  the  corrosion  influence  -  with  the  coefficient  of 
diffusion  of  atoms  of  the  deformed  metal  into  the  liquid  metal 
T/ji  ,  Assuming  in  the  first  approximation  that.  S  is  similar  in 

all  three  inequalities,  written  for  the  three  forms  of  liquid 
metal  influence,  we  produce 

v»  :  v*  :  v*  «Dm  :  J>£  :  Df.  (248) 

Since  the  rate  of  surface  migration  is  considerable  greater 
than  the  rate  of  diffusion  into  the  liquid  metal,  while  this  rate 
is  greater  than  the  rate  of  diffusion  in  the  solid  metal,  that  is 
Dm  2  Dj  >  D^,,  we  find  the  following  relationship  of  the  values  of 

the  critical  rates  of  deformation  of  the  solid  metal:  v*  >  v£  >  v 

Thus,  if  a  liquid  metal  medium  is  capable  of  influencing  a  solid 
metal  by  adsorption,  corrosion  and  diffusion,  in  tensile  testing  of 
specimens  with  various  deformation  rates  the  diffusion  influence 
will  disappear  first,  followed  by  the  corrosion  influence,  and 
the  adsorption  influence  will  disappear  only  at  the  highest 
deformation  rates. 
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